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Understanding interactions between ecosystem-level functioning and community
structure in contaminated systems will enable us to make better predictions o f the
consequences o f anthropogenic stress. The following work develops, tests, and applies a
theory o f how contaminants affect ecosystem processes and community structure in the
long-term. Field studies were conducted within the mine-waste contaminated floodplain
o f the Clark Fork River inside Grant-Kohrs Ranch National Historic Area in Deerlodge,
Montana. In chapter 2 we evaluate the method o f documenting change in microbial
community structure (phospholipid fatty acid analysis (PLFA)) used in chapters 3 and 5
and compare its sensitivity to other current methods. We show that PLFA analysis is the
most sensitive available method for showing treatment effects on microbial communities.
In chapter 3 we report the first study to use an alluvial mine waste contamination gradient
in soil to test an hypothesis regarding the relationship between ecosystem functioning and
community structure. We show that functional suppression continues in an ecosystem
where soil microbial communities have been exposed to mine waste contamination for
almost a century and over a range o f contamination concentrations where the
contaminants do not exert a strong current effect on microbial community structure. In
chapter 4, we report the first study to use Quantile Regression (QR) to separate
contaminant effects on soil processes from variability in processes due to natural
heterogeneity. QR facilitated the analysis o f the limiting effects o f heavy metals and soil
acidity on soil respiration, a measure o f soil function. Chapter 5 binds the theory
developed in chapter 3 with the statistical approach developed in chapter 4. Microbial
and plant community structure were examined along a floodplain scale contamination
gradient. Results indicated that soil acidity and organic matter concentration exerted
stronger effects on plant and microbial community structure than metals. The theory and
findings presented in chapters 3 and 4 are discussed in reference to the decision process
regarding environmental remediation o f contaminated soil. We assert that removal o f the
floodplain surface is not necessary for remediation, rather liming and organic matter
amendments would alleviate most o f the toxic effects o f the mine wastes.
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CHAPTER 1
General introduction
Background and significance
Predictions o f responses to anthropogenic environmental change have not
addressed ecosystem responses to toxins in the long term (Grime 2001, Loreau et al.
2002). However, heavy metal laden mine wastes and other environmental pollutants
affect ecosystems worldwide (Helgen & Moore 1996). Understanding interactions
between ecosystem-level functioning and community structure in contaminated systems
will enable us to make better predictions o f the consequences o f anthropogenic stress. A
lack o f this fundamental understanding impedes decisions regarding the future
management o f these ecosystems.
The following work develops, tests, and applies a theory o f how contaminants
affect ecosystem processes and community structure in the long-term. Field studies were
conducted within the floodplain o f the Clark Fork River inside Grant-Kohrs Ranch
National Historic Area in Deerlodge, Montana. The floodplain was contaminated around
the turn o f the century by mine wastes carried downstream by floods from the ButteAnaconda historic mining district.

Relationship between chapters

In chapter 2 we evaluate the method o f documenting change in microbial
community structure (phospholipid fatty acid analysis (PLFA)) used in chapters 3 and 5
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and compare its sensitivity to other current methods. We show that PLFA analysis is the
most sensitive available method for showing treatment effects on microbial communities.
In chapter 3 we report the first study to use an alluvial mine waste contamination
gradient in soil to test an hypothesis regarding the relationship between ecosystem
functioning and community structure. We employed a complex gradient o f mixed metals
that have weathered naturally in the environment for decades to examine structural and
functional effects on the total soil microbial community. We tested an hypothesis,
developed from the laboratory scale work o f Frostegard et al. (1996), that community
level structural response to toxins leads to the maintenance o f ecosystem function under
conditions o f chronic stress. Our results from the field conflict with the hypothesis. We
show that functional suppression continues in an ecosystem where soil microbial
communities have been exposed to mine waste contamination for almost a century and
over a range o f contamination concentrations where the contaminants do not appear to
exert a strong current effect on microbial community structure. We conclude that
depression o f ecosystem functioning continues in adapted communities.
The focus shifts in chapter 4 to the application o f ecological theory to
management decisions regarding contaminated soil. The large natural variability o f soil
processes often makes it difficult or impossible to measure the effects o f a soil
perturbation (i.e. pollutant) on soil function (Klironomos et al., 1999). This impediment
has been identified as a major challenge facing the field o f soil ecology (Ettema and
Wardle, 2002). In chapter 4, we report the first study to use Quantile Regression (QR) to
separate contaminant effects on soil processes from variability in processes due to natural
heterogeneity. We discuss limiting effects and the theory behind the use o f QR in the
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introduction and discussion o f chapter 4. QR facilitated the analysis o f the limiting
effects o f heavy metals and soil acidity on soil respiration, a measure o f soil function.
We discuss how the analysis o f limiting effects can be applied to remediation decisions.
Chapter 5 binds the theory developed in chapter 3 with the statistical approach
developed in chapter 4. Microbial and plant community structure were examined along a
floodplain scale contamination gradient. QR was used to evaluate the relative influence
of metals, soil acidity, and organic matter on a suite o f analogous plant and microbial
community parameters. We compared the sensitivity o f plant and microbial communities
using quantile regression and multivariate analyses. We also investigated biological and
geochemical changes that occurred along a short transect (64 cm) that spanned a
transition from a productive grassland to an area o f barren wasteland representing a total
functional collapse of the grassland/soil ecosystem. Results indicated that soil acidity
and organic matter concentration exerted stronger effects on plant and microbial
community structure than metals. The theory and findings presented in chapters 3 and 4
are discussed in reference to the decision process regarding environmental remediation of
contaminated soil. We assert that removal o f the floodplain surface is not necessary for
remediation, rather liming and organic matter amendments would alleviate most o f the
toxic effects o f the mine wastes.
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Research goals
The goal o f this dissertation has been to evaluate the following hypotheses and questions:

Chapter 2. We tested the hypothesis that using multiple methods o f detecting change in
microbial community structure is more useful than using PLFA data alone by searching
for studies that used PLFA in conjunction with (Community Level Physiological
Profiling (CLPP)) or Polymerase Chain Reaction - based methods (PCR-based methods)
in order to evaluate the question: Has CLPP or a PCR-based method been used to detect
a treatment effect on MCS that was not also detectable by PLFA?

Chapter 3. We tested the hypothesis that ecosystem functional properties are maintained
through functional redundancy o f communities in long term-contaminated systems. The
hypothesis would have been supported if soil respiration and microbial and plant biomass
were less sensitive to contaminant concentrations along a contamination gradient than
microbial community structure. If this were the case, we would have expected to find
thresholds in the functional variables above which responses could be attributed to
contamination effects, but below which the contaminant effects could not be separated
from background variability.

Chapter 4. We evaluated the following question: Can QR be used to separate the
effects o f contaminant on soil processes from variability due to natural heterogeneity in
soil processes?
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Chapter 5. 1) To use a newer statistical approach (Quantile regression (QR)) to quantify
effects of the individual predictor variables on community variables such as biomass and
species richness. 2) To compare the sensitivity o f plant and microbial community
parameters to mine waste contamination using QR and multivariate analyses. 3) To
investigate biological and geochemical changes that occur in the transition from
grassland to barren land heavily contaminated by wastes. These objectives allowed us to
evaluate two questions o f relevance to the detection and restoration o f contaminant
effects as well as to the ecology o f contaminated systems. These questions were: 1) Are
microbial or plant community parameters more sensitive indicators o f contaminant
effects. 2) How would we expect plant and microbial communities to respond to various
treatments such as amendment with lime or organic material?
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Chapter 2
Are polyphasic approaches necessary for the resolution of treatment effects on
microbial community structure?
Philip W. Ramsey1, Matthias C. Rillig1, Kevin P. Feris2, William E. Holben1, James E.
Gannon1
Abstract
Polyphasic studies that used phospholipid fatty acid analysis (PLFA) in
conjunction with community level physiological profiling (CLPP) or PCR-based
molecular methods were analyzed in order to evaluate the power o f each strategy to
detect treatment effects on soil microbial community structure (MCS). We found no
studies where CLPP or PCR-based methods differentiated treatments that were not also
differentiated by PLFA. In 14 o f 32 studies (44%), PLFA differentiated treatments that
were not resolved by CLPP analysis. In 5 o f 25 studies (20%), PLFA differentiated
treatments that were not resolved by PCR-based methods. We discuss PLFA, CLPP, and
PCR-based methods with respect to power to discriminate change in MCS versus
potential for characterization o f underlying population level changes.

M icrobial Ecology Program, Division o f Biological Sciences, The University o f
Montana
Department o f Biology, Boise State University
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M ain Body
The response o f soil microbial community structure (MCS) to perturbation is o f
interest to researchers seeking biologically relevant variables in experimentally or
naturally altered ecosystems. For the current discussion, MCS is defined as the number
and relative abundance o f microbial populations in soil. Three strategies for the
elucidation o f treatment effects on MCS dominate contemporary microbial ecology:
community level physiological profiling (CLPP), phospholipid fatty acid analysis
(PLFA), and PCR-based methods such as denaturing gradient gel electrophoresis
(DGGE), terminal restriction fragment length polymorphism (T-RFLP), ribosomal
intergenic spacer analysis (RISA), and randomly amplified polymorphic DNA (RAPD)
(0vreas, 2000). Independent assessments have indicated that each approach returns
similar results with respect to the demonstration o f treatment effects (Widmer et al.,
2001, Ritchie et al., 2000), but the relative power o f each to elucidate treatment effects
has rarely been compared. In one study, the ability o f PLFA and a molecular method,
length heterogeneity PCR (LH-PCR), to resolve the effects o f tillage and ground cover on
MCS were compared using discriminant analysis (Dierksen et al., 2002). In that study,
the inclusion o f molecular data into the discriminant analysis did not improve predictive
power of the analysis above that which was achieved using PLFA data alone. This study
raises the hypothesis that using a polyphasic approach to detect change in MCS is no
more useful than PLFA data alone. Here, we tested this hypothesis by searching for
studies that used PLFA in conjunction with CLPP or PCR-based methods in order to
evaluate the question: Has CLPP or a PCR-based method been used to detect a treatment
effect on MCS that was not also detectable by PLFA?
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Searches o f the Web o f Science and CSA Illumina databases with various
combinations o f the words PLFA, FAME, CLPP, fatty acids, T-TFLP, Biolog®, DNA,
PCR, 16s, rDNA, DGGE, TGGE, gel electrophoresis, soil, community structure, and
polyphasic returned 53 studies that used PLFA in conjunction with CLPP or PCR-based
methods to identify treatment effects on MCS. While potentially not exhaustive, this
survey included the highest impact factor soils journals (see references in Table 1) and
therefore should represent the current state o f knowledge. Papers in which PCR-based
methods were used to track specific populations either by DGGE band excision and
sequencing or by the use o f primer sets specific to phylogenetic groups were not
considered to be demonstrations o f change in MCS unless including a general test o f
significant difference (or correlation) at the total community level.
No studies were found where CLPP or PCR-based analyses were used to
differentiate a treatment effect on soil MCS that was not also identified by PLFA o f the
same samples. Conversely, in 14 o f 32 studies (44%), PLFA differentiated treatments
that were not resolved by CLPP analysis o f the same samples. In 5 o f 25 studies (20%),
PLFA differentiated treatments that were not resolved by a PCR-based method. These
studies are arranged categorically in Table 1. In the five studies where PCR-based
methods were unable to detect differences detected by PLFA, the specific PCR-based
methods used were LH-PCR, DGGE (twice), RISA, and DNA RAPD (Dierksen et al.,
2002, Thirup et al., 2003, Leckie et al., 2004, Ritz et al., 2004, Suhadolc et al., 2004). If
the MCS changes detected by PLFA are real in all cases, our analysis implies that studies
using only CLPP or a PCR-based method incur a type II error rate o f approximately 44%
and 20%, respectively.
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O f the three general strategies for detecting MCS changes, PCR-based methods
are used in a higher proportion o f studies than PLFA or CLPP (Fig. 1), probably because
PCR-based methods offer the greatest potential for characterization o f underlying
population level changes. However, the power o f PCR-based methods to resolve
treatment effects on the total soil microbial community may be limited compared to
PLFA because less statistically-relevant information can be gained from pattern analysis
o f PCR-generated fingerprint patterns than from PLFA profiles. One explanation o f this
is that in a typical DGGE analysis, 20 to 50 detectable and quantifiable bands may vary
in intensity by one or two orders o f magnitude (due to detection and imaging limitations),
while in a typical PLFA profile more than 70 continuous variables (PLFA peaks) can be
detected in concentrations ranging over at least 3 orders o f magnitude. Further,
quantitative estimates o f population densities gleaned from community level analyses
must be considered carefully due to so-called “PCR bias” introduced by the exponential
amplification o f DNA targets. Rarefaction analysis o f molecular data allows estimates of
relative population abundance within a sample (e.g. Basiliko et al., 2003). Still,
quantification o f change in the abundance o f individual populations requires support from
additional analyses, such as species/group specific quantitative PCR.
CLPP produces large numbers o f continuous variables and so should be highly
sensitive to change in MCS. However, CLPP requires growth o f microbes on carbon
substrates in microtiter plates (i.e. metabolism). Many organisms present in soil will not
grow in the wells and not all substrates catabolized by soil microbes are represented.
Thus, CLPP probably loses sensitivity due to a bias toward under-representing metabolic
diversity.
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It hence appears that PLFA offers the most powerful approach to demonstrating
change in MCS, and that monophasic studies relying on CLPP or PCR-based methods are
prone to high type II error rates. On the other hand, PLFA offers limited insight into
changes in specific microbial populations. While certain PLFAs can be used as
biomarkers for specific populations (White and Ringelberg, 1998), the resolution of
population level change within communities is coarse due to several factors including: 1)
Overlap exists in the PLFA composition o f microorganisms; 2) Determination of
signature PLFAs for specific microbes requires their isolation in pure culture; and 3)
PLFA patterns for individual populations can vary in response to environmental stimuli
(Guckert et al., 1986; Zelles 1999). Therefore, where population level information is
needed, PCR-based methods offer avenues for hypothesis testing not available through
PLFA.
In some situations, it is more important to employ the most powerful method of
demonstrating a treatment effect on MCS than it is to use a method that provides
information on underlying changes in microbial populations. Statistical power depends
on effect size, variability, and sample size, and could also be related to the number o f
response variables in a multivariate analysis. Hence there are a number o f possible
reasons for the observed difference in power for the various strategies, including the
number of response variables a method yields, data type (continuous vs. presence/
absence), and cultivation or PCR biases. Especially in situations where it is important to
minimize type II errors (such as questions involving pollution effects), a hierarchical
analysis approach may be warranted: first, PLFA would be used to detect treatment
differences, and subsequently (if an effect was found) a PCR-based method for resolving
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particular populations. For example, Callaway et al. (2004a), used PLFA to show that
microbial communities differed between rhizospheres o f native grasses and an invasive
weed, and then used PCR-based methods to explore differences in specific populations
(Callaway et al., 2004b). Particularly in soil ecology, lack o f power is a significant
problem (e.g. Klironomos et al., 1999) that can be exacerbated by a choice o f method that
does not maximize power.
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Table 1
Authors, year, and treatment type o f polyphasic studies in which PLFA was used in conjunction with a molecular method
or CLPP___________________________________ ___ __________________ _______________________ __________________
Studies in which PLFA resolved a treatm ent effect
Studies in which PLFA resolved a treatm ent effect
that molecular methods did not
that CLPP did not
1998
D ierksen et al.
2002
m ethods comparison
Baath et al.
contamination
Leckie et al.
2004
plant cover type/ nutrient availability
Bossio et al.
2005
land use change
Ritz et at.
2004
2004
contamination
spatial structure
Bundy et-al.
2004
Entry et al.
2004
Suhadolc et al.
heavy metals
land use
Thirup et al.
2003
Grayston et al.
2001
introduced bacteria and fungicide
cover type gradient
Ibekwe et al.
1998
methods comparison
Studies in which PLFA and molecular methods
Ibekwe et al.
2001
fumigants
2001
resolved the same treatm ent effect
O'Donnell et al.
cover type/ fertilisers
2005
Pankhurst et al.
2001
salinity/ alkalinity
Bossio et al.
plant cover type
2001
Cahyani et al.
2003
succession
Priha et al.
land use
1999
Cahyani et al.
2004
succession
Priha et al.
cover type
2003
Soederberg et al.
2002
cover type
Clegg et al.
plant cover type
2004
Thirup et al.
2003
succession
Ebersberger et al.
global change
1997
2000
Griffiths et al.
contamination
Yao et al.
land use
Griffiths et al.
1999
nutrient availability
2005
plant cover type
Studies in which PLFA and CLPP resolved
Hemesm aa et al.
the same treatment effect
Ibekwe et al.
2002
plant cover type
2000
2001
Broughton and Gross
productivity gradient
Ibekwe et al.
fumigants
Certini et al.
2004
Kandeler et al.
2000
contamination
spatial structure
2003
methods comparison
Collins and Cavigelli
2003
elevation gradient
Landeweert et al.
2001
m ethods comparison
M acNaughton et al.
1999
contamination
Ellis et al.
2001
2000
Fang et al.
cover type
Miethling et al.
plant cover type/ spatial structure
2000
Patra et al.
2005
Fritze et al.
contamination
plant cover
1999
Ritchie et al.
2000
m ethods comparison
Kelly et al.
contamination
2005
M acdonald et al.
2004
cover type
Suzuki et al.
plant cover type
M iethling et al.
2000
land use/inoculation
2004
contamination
Turpeinen et al.
2002
W idm er et al.
2001
m ethods comparison
Pankhurst et al.
spatial structure
Pietikaeinen et al.
2000
fire
Yang et al.
2003
succession
2004
Ritz et al.
spatial structure
Schutter et al.
2001
land use
Schutter and Dick
2001
carbon substrates
Siciliano and Germida 1998
inoculants
Siciliano et al.
1998
cover type
Thompson et al.
1999
contamination
W idmer et al.
2001
m ethods comparison
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Figure 1. Percentage o f soil microbial community structure studies using CLPP (light
gray bars), PLFA (open bars), and PCR-based methods (dark gray bars), by year, from
1998 to 2004. Results were compiled from a search o f CSA Illumina database. The
search terms “soil” and “microbial community structure” returned 250 studies, o f which
200

(80%) used one o f the three major strategies for the determination o f microbial

community structure.
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CH APTER3
Relationship between communities and processes; new insights from a field study of
a contaminated ecosystem
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Moore3, William E. Holben1, James E. Gannon 1
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Abstract
We used a 93-year-old mine waste contamination gradient in alluvial soil to explore the
relationship between ecosystem level functioning and community structure in a
chronically stressed ecosystem. The sensitivity o f broad functional parameters (in situ
soil respiration, microbial biomass, above and below ground plant biomass) and
microbial diversity (phospholipid fatty acid (PLFA) abundance and richness) were
compared. Functional responses were linear with respect to contaminants while
thresholds were detected in the community structural response to contamination along the
gradient. For example, in situ soil respiration was negatively and linearly correlated to
contamination concentration (R = -0.783, P < 0.01), but changes in microbial community
structure only became evident where contaminant concentrations were greater than 28
times above background levels. Our results suggest that functional redundancy does not
prevent depression o f ecosystem function in the long-term.

Microbial Ecology Program, The University o f Montana
2Biology Department, Boise State University
3Geology Department, The University o f Montana
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Introduction
Understanding interactions between ecosystem-level functioning and community
structure in contaminated systems will enable us to make better predictions o f the
consequences of anthropogenic stress (Western 2001; Loreau et al. 2002; Wardle et al.
2003). Most studies have accessed questions regarding toxicity through experimental
amendments o f toxins with responses measured over short periods spanning from days to
at most a few decades. Yet, ecologically relevant response times to chronic stress may be
much longer, on the order o f centuries, as new conditions drive changes in diversity
(W oodruff 2001). Therefore, a need exists for model systems where predictions derived
from short-term experiments can be tested in more realistic settings. Here, we used a 93year-old mine-waste contamination gradient in alluvial soil as a model to test the
hypothesis that community level structural response to toxins leads to the maintenance o f
ecosystem function under conditions o f chronic stress.
Soils have been used to test ecosystem theory because the biological communities
in soils are highly diverse (0vreas 2000). In addition, multi-generational effects can be
studied in manageable periods (Wardle et al. 2003). A conceptual model o f the response
o f microbial communities to heavy metal contamination has been developed (Salminen &
Haimi 1996; Baath et al. 1998) that is similar to the functional redundancy concept
advanced by Schwartz et al. (2000). It is predicted that when contamination in a soil
ecosystem causes toxic stress, functional stability in terms of mass and activity is
maintained by community-level replacement o f sensitive populations with more tolerant
ones. Thus, change in community structure may not be accompanied by impaired soil
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function or biomass change at low or moderate contamination concentrations because the
expansion o f tolerant populations compensates for the contraction (in mass and activity)
o f intolerant populations (Pennanen et al. 1996). Depression o f soil function is expected
at pollutant concentrations where toxic effects overcome the redundancy o f functional
groups within the soil microbial community (Giller et al. 1998).
Six variables related to ecosystem functioning were measured along the
contamination gradient. In situ soil respiration (efflux o f CO 2 from the soil), an
integrated measure o f the activity o f roots, soil microbes and soil fauna, was used to
measure decomposition (Hanson et al. 2000). Soil microbial biomass, measured as total
microbial carbon and total phospholipids, was measured as an ecosystem property that
drives decomposition and regulates the availability o f nutrients to plants (Jenkinson &
Ladd 1981). We also measured above ground plant biomass, root biomass and litter
biomass as related drivers o f ecosystem function along the gradient (Wardle 2002).
Phospholipid fatty acid (PLFA) analysis was used to quantify the effects o f the
mine wastes on soil microbial community structure. Variability in fatty acid structures
among phylogenetic groups o f prokaryotes and eukaryotes is reflected in the PLFA
profile o f a soil sample, providing a picture o f the structure o f the total soil community
(see Baath et al. 1998; 0vreas 2000). Principal components analysis o f biomass
corrected fatty acid concentrations indicates changes in the relative abundance o f
microbial populations (White & Ringelberg 1998). Further, the number o f PLFA peaks
in a profile relates to the richness o f the microbial community, as the loss or addition of
populations with unique or unusual PLFAs is reflected in the loss or addition o f detected
PLFAs (Federle et al. 1986; Fierer et al. 2003).
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The functional and structural variables were used to test the hypothesis that
ecosystem functional properties are maintained through functional redundancy o f
communities in long term-contaminated systems. The hypothesis would have been
supported if soil respiration and microbial and plant biomass were less sensitive to
contaminant concentrations along the gradient than microbial community structure (Fig.
la). If this were the case, we would have expected to find thresholds in the functional
variables above which responses could be attributed to contamination effects, but below
which the contaminant effects could not be separated from background variability.
Instead, we found thresholds in the community structural parameters while the functional
parameters were linear with respect to contamination. Our results suggest that low to
moderate concentrations o f contaminants currently exert slight direct effects on microbial
community structure, but evidence o f toxic stress is still expressed in terms o f depression
o f ecosystem function (Fig. lb).

Materials and Methods

Study site

The study site and the history o f the area are described in detail in Ramsey et al. (2005)
and Moore & Luoma (1990), respectively. Briefly, mine-wastes containing high
concentrations o f arsenic, cadmium, copper, lead, and zinc were heterogeneously
deposited over the study area at Grant-Kohrs Ranch National Historic Site, Montana,
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around the turn o f the century by floods that carried the wastes downstream from mining
operations around Butte, Montana. The material transported by the floods, especially a
500-year flood in 1908, raised the level o f the valley floor by at least a meter.
Subsequent channel down-cutting through the wastes has prohibited floods from topping
the channel banks, and flood control and waste containment measures have kept large
amounts o f new material from being introduced to the system. Historical photographs
show that almost all plant life on the valley floor was killed initially by the wastes.
Subsequent re-colonization o f the valley floor by plants has resulted in a floodplain
consisting of grassland with patches o f willow. Scattered areas, referred to as slickens,
contain high concentrations of contaminants and are largely non-vegetated.

Sampling design

Due to the nature o f fluvial deposition, contaminant concentrations vary over a
small area, with most areas only mildly contaminated (Helgen & Moore 1996). Fifteen
study sites were selected using a stratified random sampling procedure to represent the
range o f contaminant concentrations without excess sampling o f mildly contaminated
areas. Copper concentration values from 100 soil cores taken to a depth o f 20 cm in a
200 m grid across the study area were portioned into 4 sub-ranges. A random number
table was used to select 3-4 cores from within each range. An additional selection
criterion that the concentrations o f metals other than copper behave broadly similarly was
applied to ensure that sites had similar geochemical characteristics. Sampling plots (3 m
by 3 m) were established at each selected core location. Three sets o f three soil cores
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taken to a depth o f

10

cm were pooled at the site and taken for geochemical and

biological analysis. Soil geochemical measurements were made, 14-18 September 2000.
Soil respiration was measured 4 times during the summer and fall o f 2000 on September
14-18, September 26-30, October 11-16, and November 2-3. Soil biological
measurements were made 14-18 September 2000 and 11-16 October 2000.
Retrospectively, plant materials were sampled once on 20 July 2004 to evaluate the
influence of plants on the other quantified variables.

Geochemical analyses

“Total acid soluble metals” were recovered from soil samples by US EPA method 3050B.
Five grams o f dried, homogenized, powdered soil were extracted with 12.5 ml each o f
trace metal grade HNO 3 and HC1. Samples were refluxed at 95 °C for 1 h, then shaken
and allowed to settle overnight before analysis on an ICP (IRIS model, Thermoelemental,
Franklin, MA) by the U.S. EPA test method 200.7. The method is considered a near total
digest for metals bound to soil surfaces, iron oxides, and organic matter, but major
elements bound in silicate minerals are not released. Soil organic matter was analyzed by
loss on ignition at 350°C (Nelson & Sommers 1982). Soil moisture and pH (H 2 O) were
measured by standard methods (Forster 1995).

Contamination index
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An empirical Contamination Index (Cl) was used as a single predictor variable to
quantify the amount o f mine waste contamination at each site (Feris et al. 2003). The
index was derived by taking the sum o f the concentrations o f the principal toxic
contaminants contained in the wastes (As, Cd, Cu, Pb, and Zn) divided by the respective
background values o f each metal and then dividing the sum by the number o f metals
included (5). The index, therefore, expressed contamination concentration in terms o f
multiples o f the background metal concentration. Background values for the
contaminants were determined from depth profiles in soil pits excavated to the historic
floodplain surface. The background values were: 10 mg As kg’1, less than 1 mg Cd kg’1,
16 mg Cu kg'1, 17 mg Pb kg'1, and 49 mg Zn kg ’ 1 (Ramsey et al. 2005).

Soil respiration

A Li-6400 (Licor Instruments, Lincoln, Nebraska, Illeris et al. 2002) infrared gas
analyzer with a 6400-09 soil chamber was used to quantify soil respiration in situ. The
chamber was mounted on 80 cm diameter PVC collars installed 3 cm deep into areas
cleared o f surface vegetation with scissors. The Li-6400 uses soda lime to draw-down
CO 2 concentration in the chamber to a prescribed concentration below the ambient CO 2
concentration and then measures the time taken for CO 2 evolution from the soil surface to
refill the chamber to a prescribed concentration above the ambient CO 2 concentration.
7

1

Soil respiration (pmol CO 2 m ' s ' ) is calculated from six cycles o f CO 2 draw-down and
refill. Soil temperature, an important co-variate o f respiration, is a concomitant measure
made by the Li-6400 system.
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Microbial biomass

Microbial biomass was estimated by the chloroform fumigation method o f Horwath &
Paul (1994), and as the total moles o f microbial phospholipids detected in each sample
(Frostegard & Baath 1996). Soil samples for chloroform fumigation were passed through
a 4 mm sieve, then fumigated with pesticide grade chloroform for 5 d at 25°C and then
extracted on a shaker for 1 hr with 0.5 M K 2 S 0 4.

Phospholipid fatty acid analysis

Phospholipids were extracted and analyzed according to the protocol o f Frostegard et al.
1993, and as previously described in (Feris et al. 2003). PLFAs from 5 g o f soil were
dissolved into a buffered chloroform/methanol solution, purified, and then quantified by
gas chromatography (White & Ringelberg 1998). A principal components analysis o f
microbial phospholipid fatty acids (PLFAs) was used to quantify community structural
differences (Wardle et al. 2003; Baath et al. 1998). The 30 most abundant PLFA’s
(present in each sample) were used in the principal components analysis (Baath et al.,
1998). To remove the effect of biomass differences on the analysis, principal
components analysis was performed with individual PLFA values expressed as a
proportion o f the total moles o f PLFA in a sample. Microbial community richness was
reported as total number o f fatty acid peaks identified in each chromatogram (Fierer et al.
2003). Fatty acids are named using the nomenclature described in Frostegard (1993).
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Changes in the abundance o f specific populations o f microbes were inferred from
changes in the abundance o f specific fatty acids that have been used as signature lipids as
follows. Gram-negative bacteria were tracked with monoenoic and cyclic fatty acids
(18:lco9c, 16:1gj9c, cyl7:0, and cyl9:0) (O ’Leary & Wilkinson 1988; Zelles et al. 1992).
Several branched fatty acids (al5:0, il6:0, and il7:0) were used as markers for Grampositive bacteria (O’Leary & Wilkinson 1988; Zelles et al. 1992). 10mel6:0, 10mel7:0,
and 10mel8:0 were used as indicators o f Actinomycetes (Kroppenstedt 1985). The fatty
acid 18:2co6,9c was used to indicate the abundance o f fungi (Frostegard et al. 1993,
1996).

Plant biomass measurements

Litter biomass, root biomass and above ground plant biomass measurements were made
in three 0.25 m 2 plots within each study site. Above ground biomass was measured by
clipping all standing vegetation from the plots, drying at 60 °C, and weighing. A 2.5 cm
diameter soil corer was used to collect three

10

cm deep cores from each plot for root

biomass measurement. Cores from each plot were compiled in the field for three
measurements per site. Roots were sieved from the soils using a 0.5 mm sieve, dried at
60 °C, and weighed (Cook et al., 1988). Litter biomass measurements were obtained by
raking all the litter from the plots after clipping for the standing biomass measurement.

Data analysis
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No attempt to isolate the effects o f individual contaminants was made, as the intent was
to quantify ecosystem and community level effects o f the introduced contamination,
rather than to isolate effects o f individual contaminants. SPSS v. 10, SegReg v. 1, and
Excel for Microsoft Windows XP was used for statistical analyses. SegReg
(www.waterlog.info/segreg.htnf) was used to conduct segmented linear regression to
identify breakpoint concentrations at which contaminant effects on quantified variables
became detectable (Neter et al. 1996). The regression program uses an algorithm that
tests multiple data fits to locate the best breakpoint. The program was used to identify
portions of response variable distributions that were flat followed by sloped portions.
Break points suggested by the SegReg program were evaluated in SPSS by performing
regression analysis on the response variable distributions lying to the left and the right of
the suggested breakpoint. Slopes to the right o f the breakpoint suggested by the SegReg
program were found to be insignificantly different from zero in all cases.

Results

Concentrations o f the principal contaminants (As, Cd, Cu, Pb, and Zn) ranged from 26
mg As kg'1, 1.3 mg Cd kg'1, 110 mg Cu k g '1, 30 mg Pb k g '1, and

86

mg Zn kg''at the least

contaminated sampling location to 450 mg As k g '1, 8.1 mg Cd k g '1, 4600 mg Cu kg'1, 400
mg Pb kg'1, and 2300 mg Zn kg ' 1 at the most contaminated sampling locations. The
contamination concentrations represent a range o f approximately 4 to 77 times above
background levels as indicated by the Cl range o f 4.33 - 77.1 (mean = 36.2, SE = 5.76).
Important mediators o f metal bioavailability and toxicity (soil acidity, organic matter and
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moisture) were correlated with the Cl (Table 1). Soil acidity ranged from pH 4.9 - 8.3
(mean = pH 6.96, SE = 0.252) and was correlated with the Cl (R = -0.80, P < 0.001).
Soil moisture ranged from

8 .6

- 50% (mean = 20.5%, SE = 3.0) and was correlated with

the Cl (R = -0.55, F = 5.5, P = 0.035). Soil organic matter ranged from 3.1 - 16.1%
(mean = 8 .8 %, SE = 1.3) and was correlated with Cl (R = -0.66, F = 9.8, P = 0.008).
The relationship between soil respiration and the Cl was monitored at four times
spanning a period from late summer to late fall during a dry year (Table 2). Respiration
values ranged from high values near

0

10

1

pmol CO 2 m ' s' in the least contaminated sites

(4 times background metal levels; 364 mg total contaminants k g '1) to less than 1 pmol
CO 2 m ’2 s' 1 in the most contaminated sites (77 times background metal levels; 7470 mg
total contaminants kg'1). The correlation and slope o f the relationship between soil
respiration and Cl was highest at the first measurement period (September 14-18) when
soil temperatures were the warmest (R = -0.783, F = 21, P = 0.001, Slope = -0.15) (Fig.
2a). Soil temperatures declined from a mean o f 14.6, SE = 0.038, to 3.03 °C, SE =
0.018, between the first and last respiration measurement period, as the soil respiration
0

1

values declined from an average for all sites o f 5.23 pmol CO 2 m ' s' (1.06 SE) to 0.81
0

1

pmol CO 2 m' s' (0.17 SE). The linear relationship remained significant through the last
measurement period on November 2-3 (R = -0.580, F = 7, P = 0.023). Breakpoints (flat
followed by sloped response variable distributions) with respect to the Cl were not
detected.
Microbial biomass, as estimated by the chloroform fumigation/extraction method
(once) and by total microbial PLFAs (twice), was negatively correlated to the Cl (Table
3). The relationship was negative and linear over the Cl range. Breakpoints in microbial
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biomass with respect to the Cl were not detected by either method (Fig. 2b). Both
methods indicated a negative relationship between microbial biomass and CL
At the first sampling period, Sept 14-18, microbial PLFAs ranged from 362 - 50 nMol g ' 1
(mean = 1 5 6 nMol g '1, SE = 22) while at the second soil sampling period, Oct. 11-16,
microbial PLFAs ranged from 226 - 60 nMol g ' 1 (mean =141 nMol g*1, SE = 14). Over
the approximately one month interval between measurements the mean soil temperature
dropped by 7 °C from 14.6 °C to 7.5 °C (Table 1). The strength o f the relationship
between PLFA biomass and the Cl increased over the time interval from R = 0.663, P =
0.007, to R= 0.810, P = <0.001), as the slope declined from -2.5 to -1.9.
Principal components analysis o f microbial phospholipids followed by linear and
break point regression were used to explore the relationship between microbial
community structure and the CI. PLFA PC 1 accounted for 31% and 35% o f the
variation in the data set at the first and second measurement periods, respectively. No
significant relationships were found between principal component axes 2, 3, or 4 and the
CI at either soil sampling, indicating that PLFA PC 1 was the only axis to describe a
contaminant effect. A breakpoint in PLFA PC 1 with respect to the CI was detected at
29.8 CI units in the first measurement period and at 27.6 CI units in the second (Table 3).
To the left o f the break points (data x < BP) the slope and P-value o f the regression lines
for PLFA PC 1 with respect to the CI were flat and insignificant, while to the right o f the
break points (data x > BP) slopes and P values were steep and significant (Table 3, Fig.
3a).
Factor loadings for specific fatty acids were as follows: Fatty acids with negative
factor loadings indicating enrichment in low CI samples were monoenoic fatty acids
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(18:lco9c, 16:1 co9c, 16:lco7c 16:lco7/, 16: lco5c), cyclic fatty acids (c y l7:0, cy 19:0), fatty
acids methylated at the tenth carbon from the aliphatic end (10mel6:0, 1Owe 17:0, and
10»jel8:0), and the branched PLFA, i15:0. Several o f the monoenoic fatty acids and the
cyclic fatty acids are biomarkers for the Gram-negative bacteria. The methylated fatty
acids are biomarkers for the actinomycete group o f Gram-positive bacteria. Fatty acids
with positive factor loadings indicating enrichment in higher CI samples were saturated
fatty acids (14:0, 15:0, 16:0, 17:0), several branched fatty acids (al5:0, il6:0, il7:0), and
the fatty acid 18:2©6,9c. The branched fatty acids and 18:2go6,9c have been identified as
biomarkers for Gram-positive bacteria and fungi, respectively.
Microbial community richness, as estimated by PLFA peak number, was also
correlated with CI (Fig. 3b). Significant negative linear relationships between richness
and the CI were detected with all data included in the analysis (R = 0.592, P = 0.02, and
R= 0.725, P < 0.001, for Sept. 14-18 and Oct. 11-16, respectively). Breakpoints were
detected at 47.9 richness units and 55.3 richness units for the two sampling periods
respectively. Slopes and P-values o f regression lines for data x < BP were flat and
insignificant. However, due to the small number o f points (n = 3) falling to the right of
the breakpoint, the regression lines for data x > BP were insignificant too. This indicates
that effects o f the contaminants on microbial community richness were only marginally
detectable and then at only the highest CI values.
Above ground plant biomass was negatively linearly correlated with the CI: y = 2.73x + 223 (R = -0.66, P = 0.013, n = 15). Root biomass was also negatively linearly
correlated with the CI: y = -0.560x + 47.6 (r2 = -0.52, P = 0.046, n = 15). Litter biomass
was not linearly correlated with CI. A trend between litter accumulation and the CI was
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indicated by quadratic regression (R = 0.61, P - 0.059) in which litter tended to
accumulate more at sites with intermediate CI values. No breakpoints in plant biomass
parameters with respect to the CI were detected.
Regressions were used to evaluate the relationship between microbial and plant
biomass, respiration, and microbial community structure. Microbial biomass (total
PLFAs) was tightly correlated with soil respiration (for the Sept. 14-18, 2000
measurement period R = 0.921, F = 72, P < 0.001). The correlation o f respiration for the
Sept. 14-18, 2000 measurement to the retrospectively measured plant variables was: R =
0.547, F = 5.6, P = 0.036 and R = 0.503, F = 4.41, 0.056 for above ground and root
biomass, respectively. Microbial biomass was less well correlated with PLFA PC 1 than
with respiration or the CI (for the Sept 14-18 measurement period R = 0.566, F = 6.1, P =
0.027). The regression analysis indicates that the relationship between PLFA PC 1 and
the CI was not due solely to biomass or activity differences.

Discussion

We explored the relationship between ecosystem-level functioning and
community structure by use o f a 93-year-old mine-waste contamination gradient in
alluvial soil. The sensitivity o f broad functional parameters (in situ soil respiration,
microbial and plant biomass) and patterns o f microbial diversity in terms o f abundance
and richness were used to evaluate whether community level change compensates for
depression o f ecosystem function in a system subjected to long-term contamination.
Previous studies have examined the effects o f metals on soil respiration, microbial
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biomass, and microbial diversity (see Pennanen 2001 for review). However, this study is
the first, to our knowledge, to examine these three parameters concomitantly along an
alluvial mine-waste contamination gradient to gain insight into the long-term influence of
contaminants on the relationship between communities and processes. Our data do not
support the hypothesis that functional redundancy at the community structural level
prevents depression o f ecosystem function in the long-term in contaminated soil systems
(Fig. lb).
Ecosystem function as measured by soil respiration, microbial biomass, above
ground plant biomass, and root biomass declined linearly with respect to contamination.
“)

1

Soil respiration values ranged from 10 pmol CC^m' s' in the least contaminated sites to
less than 1 pmol C 0 2 m ' 2 s' 1 in the most contaminated sites (Fig. 2a). A decline in soil
respiration is a frequently observed response to elevated heavy metal concentrations in
soil (BMth 1989; Dahlin et al. 1997), but metals also stimulate respiration in the days to
weeks following metal additions (Doelman & Haanstra 1984). Presumably, a short-term
increase occurs because stress exerts increased metabolic demands on organisms before
activity declines due to toxic effects over longer incubations (Odum 1985). Decline in
microbial biomass is also a frequently documented effect o f heavy metal accumulation in
soil (McGrath et al. 1995), and has been observed in soils containing as little as 30-60 mg
Cu kg ' 1 (Dahlin et al. 1997). Microbial biomass may decline because the energetic cost
o f stress makes the utilization o f low-energy substrates unfavorable (Burkhardt et al.
1993).
Microbial biomass, above ground biomass, and root biomass were linearly
correlated with soil respiration. This observation is consistent with the interpretation that
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the producer-decomposer relationship between plants and soil microbes drives soil
respiration, and that along the contamination gradient a fairly smooth decline in soil
function occurred (Wardle 2002). The response o f litter to increasing contamination was
not linear. The weak trend (P - 0.056), indicated by quadratic regression leads us to
speculate that the lack o f a linear relationship was due to the tendency o f litter to degrade
quickly in productive, slightly contaminated sites, while litter was not produced in highly
contaminated sites because few plants occurred there.
Community structure, assessed by PLFA analysis, was not strongly affected by
low contaminant concentrations (4 to 30 times background), but higher concentrations
dramatically altered community structure (Fig. 3a). PLFA analysis has been shown to be
an accurate and reproducible method for demonstrating change in microbial community
structure (Dierksen et al. 2002). However, the use o f PLFAs to represent specific
populations o f microorganisms can be problematic because o f overlap in the PLFA
composition o f organisms, because the PLFA composition o f most organisms living in
complex soil communities is unknown, and because shifts in membrane PLFAs occur as
microbes respond to stress (Guckert et al. 1986). Here, changes in broad classes o f lipids
regularly used to identify microbial groups were the source o f the variation along PC 1
(White & Ringelberg 1998). The PLFA patterns suggest that microbial community
composition shifted from a community consisting o f more Gram-negative bacteria and
Actinomycetes below the breakpoint to a community containing greater proportions o f
non-actinomycete Gram-positive bacteria and fungi above the breakpoint. Pennanen et
al. (1996) observed a similar shift towards Gram-positive bacteria in a study o f a metal
contamination gradient produced by smelter outfall in a boreal coniferous forest.
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However, in that study the fungal marker, 18:2co6,9c, declined in contaminated sites
whereas here it increased slightly. This difference may be explained by the
disappearance o f ectomycorrhizal trees in highly contaminated sites in the forest, while
few ectomycorrhizal plant species were present at our study site.
Microbial community richness, estimated by PLFA peak number (Fierer 2003),
was not responsive to contaminant concentrations up to 50 times background values, but
was depressed in the more heavily contaminated sites (Fig. 3b). PLFA peak number, as a
surrogate for microbial community richness, has been validated by studies showing it to
behave similarly to other measures o f diversity. Fierer (2003) demonstrated that PLFA
peak numbers decline sharply with depth in the soil profile, a finding that has also been
shown using terminal restriction fragment length polymorphism analysis o f 16s rRNA
genes (LaMontagne et al. 2003). Metal tolerant microbes have been observed in many
contaminated soils (Baath et al. 1998) and metal tolerance mechanisms Eire well known
(Silver et al. 1989). Heavy metal tolerance may explain how high levels o f microbial
diversity are sustained in heavily polluted systems (Zhou et al. 2002; Feris et al. 2004).
Zhou et al. 2002 found highly diverse microbial communities in wetland soils containing
20,000 mg Cd kg ' 1 indicating that the number o f microbial populations in soil is not
necessarily decreased by metal contamination. Instead, low microbial diversity and
biomass may be an indirect effect o f suppression o f plant productivity and subsequent
inputs o f organic material (Findlay et al. 2002; Feris et al. 2004), or the degree o f spatial
isolation (Zhou et al. 2002). Here, microbial community richness was affected only in
the most contaminated sites, where soils were acidic and plant biomass severely reduced.
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Frostegard et al. (1993,1996) showed, using amendments o f metal salts to soil,
that PLFA patterns change with metal concentration even at low levels o f contamination;
concentrations o f 262 mg Zn kg ' 1 were enough to bring about significant changes in
microbial community structure during six and eighteen month incubation experiments.
Soil respiration and microbial biomass were also affected in these experiments, however,
the microbial community response was detected earlier and at lower levels o f
contamination. In the current study we observed essentially the opposite; microbial
community structure was insensitive to contamination concentrations over a range where
soil respiration and microbial biomass declined linearly. At high contaminant
concentrations both functional and structural variables were dramatically affected (Table
3). Our findings could be explained by an extension o f the mechanism which is
suggested to account for shorter-term observations that functional redundancy supports
ecosystem functions. When an introduced contaminant presents a toxic stress to
organisms within a population some organisms will posses or acquire tolerance whereas
others will die or suffer suppressed growth. In the short-term an increased abundance of
tolerant populations may compensate functionally for the loss o f susceptible populations
(Dahlin et al. 1997; Palmborg et al. 1998), but in the long-term the selective pressure
exerted by the contaminants should wane as susceptible populations are excluded. An
interpretation consistent with our results would be that long-term, community-level
change occurred over a broad range o f metal levels such that current microbial
community structure shows little response to contaminant concentrations below a
threshold level. The current expression o f past selective pressure on these microbial
communities may be increasing suppression o f ecosystem level function and biomass

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

42

along the gradient that reflects the energetic cost o f tolerating metal stress. Additional
studies characterizing the energetic cost o f tolerance to the dominant organisms found
along the gradient would be required to test this explanation. Potentially, re
interpretation o f existing data collected in other contaminated systems could be used to
test the generality o f the phenomena observed here.
Much attention has been given to understanding the consequences o f how loss o f
biodiversity will affect ecosystem functioning (Naeem & Wright 2003), but predictions
o f responses to anthropogenic environmental change have not addressed how the
relationship between communities and processes is effected by toxins in the long-term
(Odum 1985; Grime 2001; Loreau 2001; Loreau et al. 2002). Heavy-metal laden mine
wastes and other persistent pollutants affect ecosystems worldwide (Helgen & Moore
1996). Sound decisions regarding the future management o f these ecosystems are
impeded by the lack o f an ecological understanding o f how contaminants, ecosystem
function, and communities interact in the long term.
Further study o f the relationship between ecosystem functioning and community
structure in contaminated soils may improve our understanding o f the effects o f
anthropogenic global change. The approach employed here illustrates a novel way to use
the complex microbial communities found in soil to study the effects o f chronic
ecosystem contamination. Concerns that findings from short-term, laboratory microcosm
or mesocosm scale experiments have little relevance to natural settings could be
evaluated using similar experimental designs. Several features o f contaminated alluvial
floodplains make them valuable systems for studying long-term effects o f ecosystem
level contamination: 1) Contaminants vary over small spatial scales eliminating potential
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confounding factors such as climatic or ecotype differences between study sites.

2)

Contaminant history is generally known or can be reconstructed from mining records. 3)
Where large floods have deposited wastes over broad floodplains, ecosystem parameters
are set to essentially “time-zero” as biomass and community complexity are greatly
reduced. To predict the effects that pollutants such as heavy metals will have on the
future functioning o f ecosystems, it will be necessary to include the effects o f persistent
toxins in the development o f models o f anthropogenic change.
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Tables and table legends

Table 1. Ranges o f soil geochemical variables, organic matter, and soil moisture and
Pearson’s product moment coefficients o f the variables with the Cl (n = 15, all P < 0.05).

Variable

Range

R-MCI

As (mg kg'1)

(2.6E+1 - 4.5E+2)

0.77

Cd (mg kg'1)

(1.3E+0 - 8.1E+0)

0.52

Cu (mg kg'1)

(1.4E+2 - 4.6E+3)

0.99

Pb (mg kg'1)

(4.1E+1 - 4.0E+2)

0.76

Zn (mg kg"1)

(1.1E+2 - 2.3E+3)

0.79

Acidity (pH)

(4.89 - 8.28)

-0.80

Organic Matter (%)
Moisture (%)

(3.07 - 16.1)
(8.25 - 50.1)

-0.66
-0.55
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Table 2. Average soil temperature and soil respiration across 4 measurement periods (n
=

6

measurements at n = 15 plots), correlation coefficients, F-values, slopes, and y-

intercepts o f soil respiration with CI.
Date

Soil temperature

ave. °C (SE)
Sept. 14-18 14.6 (0.038)
Sept. 26-30 10.1 (0.034)
Oct. 11-16 7.54 (0.013)
Nov. 2-3
3.03 (0.018)

Respiration

Pearson's R (P )

pmol C 0 2 m ’2 s’ 1 (SE)
5.23
(1.06)
2.32
(0.47)
1.97
(0.34)
0.81
(0.17)

-0.783
-0.737
-0.697
-0.580

F

( 0 .0 0 1 ) 21
( 0 .0 0 2 ) 15
(0.004) 12
(0.023) 6 . 6
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Slope Intercept
-0.15 10.5
-0.06 4.50
-0.04 3.48
-0 . 0 2 1.43
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Table 3. Break points (BP), correlation coefficients, and slopes o f replicated biological
parameters with Cl.
D ate
M easurem t
B reak
___________________________________________ P oint

A ll data
D ata (x<B P)
D ata (X >B P)
R (P I Slope (N't________________ R (P ) Slope (N )___________________ R (P ) Slone fN )

Sept. 14-18

M icrobial C arbon (pg g 1)

-

0.741

(0.002)

-1.6

(15) -

..

-

-

Sept. 14-18
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Figure 1. A) Predicted response in a system where the established organisms have been
exposed to the selection pressure presented by a contaminant. Depression o f ecosystem
level functions (open squares) such as respiration and biomass accumulation will be
offset at low to moderate contamination concentrations by more gradual change in
community structure (closed circles) as tolerant populations replace more sensitive ones
along a contamination gradient. B) Data collected from a 93 year old contamination
gradient in alluvial soil. Soil respiration and microbial community PLFA PCI data are
shown with error bars and statistics in Figures 2a and 3a, respectively. PLFA PC 1 was
transformed by the equation: y = -y, to better demonstrate the relationship between the
data and the model.
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Figure 2. A) Soil respiration (y) as a function o f the contamination index (x) on Sept. 1418. Vertical and horizontal bars represent 1 se (n = 6 ). The regression: y = -0.145x +
10.5 (R = -0.783, P = 0.002, n = 15). B) Microbial biomass (y) as a function o f the
contamination index (x) on Sept. 14-18. Vertical and horizontal bars represent 1 se (n =
3). The regression: >, = -1.60x+ 105 (R = -0.741, P = 0.002, n = 15).
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Figure 3. A) Change in microbial community structure (y) as a function o f the
contamination index (x) at sampling time 1. Vertical and horizontal bars represent 1 se (n
= 3). PLFA PC 1 accounted for 31% o f the variation in the data set. A break point in the
dependant variable distribution was detected at x = 29.8. The regression for x < 29.8: y =
-0.000098x -0.665 (R < 0.001, P = 0.995, n = 6 ). The regression for x > 29.8: y = 0.536x
- 2.25 (R = 0.860, P - 0.003, n = 9). The regression for all plots combined (regression
line not shown): y - 0 . 036 x - 1.3 (R = 0.839, P < 0.001, n = 15). B) Microbial
community diversity as estimated by total PLFA peaks (y) as a function o f the
contamination index (x). Vertical and horizontal bars represent 1 se (n = 3). A break
point in the dependant variable distribution was detected at x = 47.9. The regression for x
< 47.9: y = -0.047x + 79.8 (R = -0.136, P - 0.674, n = 12). The regression for x > 47.9: y
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= -0.402* + 96.4 (R = -0.755, P = 0.456, n = 3). The regression for all plots combined
(regression line not shown): y = -0.176x + 82.9 (R = -0.592, P = 0.020, n = 15).
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CHAPTER 4
Mine waste contamination limits soil respiration rates: a case study using quantile
regression
Philip W. Ramsey1, Matthias C. Rillig1, Kevin P. Feris2, Johnnie N. Moore3, James E.
Gannon 1
(2005. In Soil Biology and Biochemistry. 37, 1177-1183)
Abstract
We present an application o f a statistical approach, quantile regression (QR),
which identifies trends in soil processes otherwise masked by spatial and temporal
variability. QR identifies limits on processes and changes in the variance o f a response
along an environmental gradient. We quantified in situ soil respiration, pH, and heavy
metal concentrations across a mine waste contamination gradient that spanned greater
than an order o f magnitude o f metal concentrations. Respiration values were monitored
at study sites over 2 y. We used QR to show that soil respiration was limited with respect
to both heavy metals and pH, and that both increased metals and increased acidity
constrained variation in soil respiration values. Maximum respiration values declined by
48% over the Metals Contamination Index (MCI) range and by 72% over the pH range.
The use of QR avoided the necessity o f discriminating between multiple sources o f
variation in a spatially and temporally variable system. It is often unrealistic or too time

1Microbial Ecology Program, Division o f Biological Sciences, The University o f
Montana
2Land, Air, and Water Resources, University o f California, Davis
3Geology Department, The University o f Montana
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consuming and expensive to attempt to measure all o f the relevant predictor variables in
the field. The simpler approach offered by QR is to explore factors that limit a process,
recognizing that not all o f the factors contributing to a soil function will be measured. An
application of this approach to the evaluation o f a mine waste remediation procedure is
discussed.

Introduction

The large natural variability o f soil processes often makes it difficult or
impossible to measure the effects o f a soil perturbation (i.e. pollutant) on soil function
(Klironomos et al., 1999). This impediment has been identified as a major challenge
facing the field o f soil ecology (Arnold and Wilding, 1991; Ettema and Wardle, 2002).
We have studied the response o f soil respiration to mine waste (heavy metal)
contamination using a statistical approach that facilitates separating trends in soil
processes from natural temporal and spatial variability. Soil respiration (CO 2 efflux), a
common measure o f soil health (Edwards et al., 1970; Hanson et al., 2000; Illeris et al.,
2003), responds to contaminants but also to temporal changes in moisture, temperature,
light conditions, and spatial variation in soil fertility (Edwards, 1975; Edwards and RossTodd, 1983; Dorr and Miinnich, 1987; Buchmann, 2000). In addition to concentration
effects, most contaminants interact with the soil physiochemical structure to varying
extents to impart additional variability (Dahlin et al., 1997; Vanhala, 1999). For instance,
the toxicity o f heavy metals depends on soil acidity and organic matter because these
factors strongly influence metal/metalloid bioavailability (Lock and Janssen, 2001).
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As a result o f these complex interactions, bivariate scatter-grams o f soil
respiration values versus contaminant concentrations often display a characteristic
“wedge-shape” pattern that suggests contaminants act to limit maximum respiration
values (Terrell et al., 1996). Wedge-shaped data distributions, which are relatively
common in ecological studies, occur when the measured factor limits the ultimate ceiling
o f the data distribution but unmeasured factors are limiting over portions o f the predictor
variable range (Thompson et al., 1996; Cade et al., 1999). The development o f quantile
regression (QR) has filled a need for a statistical method o f analyzing the upper limit o f a
response variable distribution (Koenker and Bassett, 1978; Koenker and d ’Orey, 1987).
QR analysis can be used to estimate a rate o f change for the upper limit o f a response
variable distribution instead o f the mean (Cade and Noon, 2003). Functions are defined
by finding the minimum sum o f asymmetrically weighted residual errors (Koenker and
Bassett, 1978; Cade et al., 1999). Function lines fit portions o f the data set (quantiles (x))
such that at any point along a predictor variable distribution a given portion o f the
response variable data falls below the described function. This means that at any given
point along an independent axis 90% o f the response variable data distribution lies below
a line described by x = 0.90. Applications o f QR to analyze limiting ecological
relationships have been reviewed (Cade et al., 1999; Cade and Noon, 2003), but to our
knowledge, this method has not yet been used in soil ecology.
We measured the response o f in situ soil respiration to a wide range o f heavy
metal concentrations in soils that have been contaminated by fluvial mine waste for about
one hundred years (Moore and Luoma, 1990). QR was performed on respiration data
using metal concentrations as well as pH as predictor variables. Soil pH was measured
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because soil acidity generated from the oxidation o f sulfidic ores in mine wastes affects
the bioavailability o f heavy metals (Cavallaro and McBride, 1980; Harter, 1983). It has
also been reported that metal toxicity in soils changes over time with changes in soil
physiochemical characteristics (i.e. pH) further altering metal availability and metal
speciation (Lock and Janssen, 2001).
Where heavy metal concentrations and pH are highly correlated, it is not possible
to separate the effects o f either on soil function (Speir et al., 1999). Our preliminary
investigations indicated that pH and metal concentrations were not strongly correlated at
our study site, thus allowing the interaction o f the separate effects o f heavy metals and
pH on the suppression of soil function to be studied in a field setting. Below we report
separately on the limiting effects o f metals and pH. We also present soil organic matter
content data for selected sites because cation exchange between organic materials and
heavy metals is an important mechanism o f metal stabilization and detoxification, and
therefore likely plays a role in determining the observed patterns (Doelman and Haanstra,
1984; Temminghoff et al., 1997; Kinniburgh et al., 1999; Ge et al., 2002).

Materials and methods

Study site description

Large-scale floods in the late 1800’s and early 1900’s near the historic mining and
smelting districts o f Butte and Anaconda, Montana deposited metal-rich mine wastes
over the upper Clark Fork River floodplain (Moore and Luoma, 1990). Wastes were
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distributed heterogeneously and subsequently re-worked by later floods and channel
migration such that contaminant concentrations vary over numerous spatial scales
(Helgen and Moore, 1996). These turn o f the century floods raised the level o f the valley
floor by more than a meter, thus all o f the soils at the study sites are fluvial in origin and
o f approximately the same age (about 100 years). Over-bank flooding has been rare
since the 1950’s when upstream flood control structures were emplaced that have
mitigated flooding and prevented the downstream migration o f sediments. Subsequently,
the channel has degraded through the deposited sediments resulting in an isolated channel
(Moore and Luoma, 1990). The area receives an average o f 33.7 cm o f rain y _1.
The primary study area was located within the riparian zone o f the Grant Kohrs
Ranch National Historic Site, an active cattle ranch in Deerlodge, Montana, USA. Much
o f the riparian zone is fenced to restrict grazing by cattle and vegetation within the fenced
area includes grasslands, willow thickets, sand bars, and slickens. All study sites were
vegetated with the exception o f slickens sites (Table 1).
Slickens, un-vegetated low pH tailings deposits, are visually identified by the
presence of surface accumulations o f heavy metal salts. Slickens are o f special interest
because metals washed from them by storms represent a source o f acute toxicity to the
aquatic ecosystem and dust blown from slickens is o f human health concern (Nimick and
Moore, 1991). Two o f the study sites reported below were located entirely in slickens,
while 3 others were located partially in slickens (see Table 1). Six less contaminated
secondary study areas downstream o f the primary sites were surveyed also to include a
wider range o f contamination concentrations in the data set. The downstream locations
were similar in terms o f variety o f plant cover, but did not include slickens.
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Study design

Study sites were selected using a stratified random sampling approach. Sixty soil
cores taken for geochemical mapping were divided into four equal-intervals by heavy
metal concentration. Sites were then randomly selected from the intervals using a
random number table in order to ensure representation o f a wide range o f contaminant
concentrations and natural variability. Respiration sampling sites were established at
each selected core site and maintained throughout the study. Six measurements were
taken at each sampling time in each plot. Measurements were taken around a lm by 2m
rectangle; the long axis oriented east-west and centered on the original core location
(measurement o f soil respiration is described in Section 2.5). At the secondary study
areas, respiration was measured once without a priori knowledge o f metal
concentrations. The plots were sampled along a grid established by global positioning
system, with measurements from each plot (39 data points) included in the analysis. At
each plot soil respiration measurements were made at each o f three points o f a 30 cm
equilateral triangle centered on the location o f a soil core used for geochemical analysis.
Soil samples for analysis o f soil acidity, organic matter, and heavy metals were
collected for use in two separate studies so there were slight differences in the collection
and homogenization protocols between the primary and secondary study areas, but all
soils were sampled to the same depth and were analyzed by the same methods
(geochemical analyses are described in Section 2.3). From each primary plot, four blocks
o f soil (40 cm by 40 cm by 10 cm deep) were excavated with a stainless steel shovel from
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the perimeter o f the sampling rectangle used for the respiration measurement. The soil
blocks were bulked, homogenized, air-dried, and sieved (4mm) and 3 replicates removed
for laboratory analysis. The mean o f the three replicates was reported, as variance
between these laboratory replicates was very small. At secondary study areas a 5 cm
diameter soil corer (AMS Inc. sampling kit) was used to collect a 10 cm deep core in the
center o f each triangle o f respiration measurements. The soil core was processed as
described for the primary sites, but laboratory replicates were not analyzed.

Geochemical analyses

“Total acid soluble metals” were extracted from soil samples using a method
based on U.S. EPA method 3050B. Five g o f dried, powdered, soil were extracted with
12.5 ml each o f concentrated, trace-metal-grade, HNO 3 and HC1, diluted to 50 ml,
refluxed for 1 h at 95°C, shaken, and allowed to cool and settle overnight. This method
releases metals bound to soil surfaces, iron oxides and organic matter in the soil and is
considered a near total digest for trace elements but not for major elements bound in
silicate minerals. Metal content o f acid extracts was quantified on an ICP-OES (IRIS
model, Thermoelemental, Franklin, MA) by U.S. EPA method 200.7. Methods are
discussed in detail in Feris et al. (2003). Soil organic matter was analyzed by the loss on
ignition method at 350°C (Nelson and Sommers 1982). Measurements were made on
homogenized mixtures o f four,

10

cm deep cores sampled from each site. pH(H 2 0 ) was

measured by standard methods (Forster 1995).
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Metals Contamination Index (MCI)

The ores mined in Butte, Montana contain complex mixtures o f elements in a
sulfidic crystal matrix. An empirical contamination index was used to assess the degree
o f mine waste contamination in each sample (Feris et al., 2003). The index is derived by
taking the sum of the logs o f As, Cd, Cu, Pb, and Zn divided by the log o f the respective
background values for each species using the following formula: MCI = X((l°g (Me„)/log
(background Me„)/number o f metals included in index (5)), where n represents As, Cd,
Cu, Pb, and Zn. Pre-mining concentrations o f the principal contaminants were calculated
from profiles in soil pits to be 10 mg As k g '1, less than 1 mg Cd kg'1, 16 mg Cu kg'1, 17
mg Pb k g '1, and 49 mg Zn kg'1.

Soil Respiration

Soil respiration (CO 2 efflux) was quantified in situ with a portable Li-6400 (Licor
Instruments, Lincoln, Nebraska, Illeris et al., 2003) infrared gas analyzer fitted with a soil
chamber (Licor 6400-09). At each test plot, an 80 cm diameter soil collar was installed
(3-4 cm deep) in an area that had been cleared o f surface vegetation (grass was cut to the
surface with scissors and then removed before measurement). The instrument circulates
the air in the chamber through a soda lime CO 2 scrubber effectively lowering the
chamber CO 2 concentration to a described concentration below ambient CO 2 . CO 2 flux is
computed based on a running average o f change in CO 2 concentration with time as CO 2
refills the chamber to a described concentration above ambient concentration. This
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process is repeated through three cycles and the intermediate flux data are fit with a
regression, which is then used to calculate soil respiration (pmol CO 2 m ' 2 s'1) at ambient
CO 2 . The average o f the six measurements taken at each site was used to report soil
respiration. All sites were measured repeatedly over two years in 2001 and 2002.

Statistics

QR was performed using Blossom software (available at
www.fort.usgs/gov/products/software/blossom.asp). Repeated measurements at sites
were included individually in the analysis. Regression quantiles from 0.1 to 0.9 at 0.1
unit intervals were selected for the analysis. O f principle interest was the highest quantile
(x = 0.9) because the slope and intercept o f this quantile describes a function near the
upper edge o f the respiration data distribution. The quantile x = 0.5 describes the rate o f
change o f the median o f the response variable similarly to least squares regression. The
other quantiles provide information about the variance o f the data set; differences in
slopes o f the quantile lines indicate unequal variance. Cade and Noon (2003) provide an
introduction to the use and theory o f QR.

Results

Contamination gradient
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Respiration measurements were made over a range o f metal concentrations that
spanned at least one order o f magnitude with respect to each toxic species. Individual
metal species were each highly linearly correlated with the MCI (Table 2). Metal
concentrations were high in the slickens sites (Cu concentration 204 and 87 times above
background for sites

66

and 71, respectively), but metal concentrations in several

circumneutral pH grassland sites (sites 56 and 57) were much higher (copper
concentration was 444 and 394 times above background for these sites, respectively).
Organic matter content was also more than twice as high in the grassland sites compared
to the slickens sites. Geochemical variables for sites with the lowest pH values and the
highest MCI values are displayed in Table 1 to demonstrate that soil acidity poorly
predicts metal concentration.

Quantile regression analysis

Quantile regression results o f respiration values against the MCI and pH are
displayed in Tables 3 and 4. QR o f MCI vs. respiration indicated the presence o f a
ceiling in the respiration data relating to both the MCI and pH. Regarding the MCI for t =
2

i

0.9, respiration values drop from a calculated maximum value o f 10.0 pmol CO 2 m ' s' to
5.4 pmol CO 2 m ' 2 s’1, or 4.6 pmol CO 2 m ’2 s' 1 over the MCI range (1.09 < MCI < 2.30)
(Fig. 1). The slope o f the line described by x = 0.9 was three times greater than for x =
0.5 (Table 3). This indicates that the maximum function is more responsive to metals
contamination than median function. The increasing slopes o f the quantile lines indicate
that variance is unequal with respect to the MCI.
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With respect to the x = 0.9 quantile line for the pH range (4.23 < pH < 8.25),
respiration values drop from the calculated maximum o f 8 . 6 pmol CO 2 m ' 2 s’1 to a
9

1

9

1

minimum o f 2.4 pmol CO 2 m ' s' or 6.2 pmol CO 2 m' s' over the pH range (Figure 2).
As with the previous regression o f MCI vs. respiration, the slopes o f the lines described
by the upper quantiles were greater than for the lower quantiles, again indicating unequal
variance (Table 4).

Explanatory power o f MCI vs. pH

The x = 0.9 quantile line for pH provides an explanatory relationship over a wider
response variable range (6.2 respiration units) than does the x = 0.9 quantile line for MCI
(4.6 respiration u n its). Figure 3 shows the relationship between MCI and pH. Low pH
sites (pH < 6.5) were found only where metals concentrations were elevated, however
elevated metals concentrations did not necessarily indicate low pH. The average
9 1
respiration value in sites with low pH (below 6.5) was 2.58 pmol CO 2 m ' s' (n = 57;
stdev 1.35). The average respiration value for sites having a pH above 6.5 was 4.64 pmol
CO 2 m ' 2 s' 1 (n - 130; SD 2.04). At the slickens sites where the lowest respiration and pH
values were found (respiration range 0.32 - 1.96 pmol CO 2 m ' 2 s '1, pH 4.2 and 4.5) MCI
values were not especially high (1.91 and 2.06) and high respiration values were found in
sites with higher MCI values than those found in the slickens (Table 2). This pattern
suggests that soil acidity rather than metals concentration exerts a greater control on soil
respiration.
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Discussion

The Utility o f Quantile Regression

We used QR to show that soil respiration was limited with respect to heavy
metals and pH along a contamination gradient and that both increased metals and
increased acidity constrained variation in soil respiration values. Quantile regression
was a constructive alternative to least squares regression (LSR) because responses could
not be ascribed to a single predictor variable and there was unequal variance in the
response variable with respect to the independent variable, thus compromising the
assumptions o f standard LSR (Kaiser et al., 1994). Multiple linear regression was not an
appropriate alternative to QR, because o f multi-collinearity in the set o f predictor
variables (e.g. individual metal concentrations). Furthermore, multiple linear regression
could not readily account for interactions among predictor variables.
QR may prove to be a useful approach in detecting and describing trends in soil
processes along gradients. Many soil processes are studied along gradients, examples
include; liter decomposition rates (Belyea, 1996), nutrient availabilities (Zhu and
Carreiro, 2004), and microbial community response to toxins or the physical environment
(Aceves, et al., 1999; Baath and Anderson, 2003; Feris et al., 2003, Lee and Jose, 2003;
Sardinha, et al., 2003). It is common practice to analyze wedge-shaped data distributions
by LSR even when the assumptions o f LSR are violated (Thompson et al., 1996), and
even though this estimate o f the mean function ignores bias introduced by unmeasured
factors (Cade et al., 1999).
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Estimating inhibition o f soil function

Applying QR to a highly variable data set such as that described above allowed a
simple estimation o f the inhibition o f soil function with respect to metals contamination
and pH. The maximum quantile line for the MCI represents the estimated repression o f
the maximum soil function due to the metals contamination. In Figure 4, a soil functional
inhibition estimate is calculated based on the regression lines o f the 0.9 quantile o f the
MCI range (1.0 < MCI < 2.3). The y value at MCI = 1 is taken to indicate an unimpaired
soil (0% inhibition) and the remaining y values are expressed in terms o f the percentage
o f maximum soil function that would be expected to be lost at a given MCI value (dashed
line). The solid line represents the same estimate calculated for pH over the pH range
(8.3>pH>4.2). Maximum respiration values decline by 48% over the MCI range and by
72% over the pH range.

Application to remediation o f soil function in low pH slickens

The estimates o f limiting effects were used to provide insight as to the potential
effect o f a current remediation strategy on rehabilitating areas o f slickens. The negative
effects o f acidity and metals on soil processes have been well characterized (Fritze, 1991;
Baath and Amebrant, 1994; Vanhala, 1999). At low pH values (below 6.5) toxic metal
ions would be expected to be in solution and bioavailable regardless o f the contaminant
concentration (Nimick and Moore, 1991). In high metals sites where pH is circumneutral

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

71
and significant amounts o f organic matter are present, the metals would be expected to be
less bioavailable (Doelman and Haanstra, 1984; Kinniburgh et al., 1999). Reducing the
bioavailability o f metals through the neutralization o f slickens has thus been
recommended as an economical treatment option for areas o f slickens (Davis, 1999). A
working estimate o f functional inhibition makes it possible to predict the effects that
remediation efforts based on pH neutralization would have on restoring soil function in
the slickens.
At a given site it would be expected that alleviation of a factor limiting soil
function would lead to an increase in function to a point where it becomes limited by
some other factor. Here, where we have shown that respiration is limited with respect to
both pH and MCI, we would expect that measures to remediate pH would relieve the pH
limitation, but that MCI limitation would remain. At the slickens sites, where pH values
were pH 4.2 and 4.5, MCI values were 1.91 and 2.06 (Table 2). Measures that would
neutralize pH, potentially through organic matter additions or liming (Davis et al., 1999;
Kiikkilae et al., 2001), may therefore be expected to relieve the limiting effect o f pH on
soil function, but would not relieve the limiting effect o f the metals. According to the
MCI inhibition line calculated for x = 0.9 this corresponds to 33% and 40% inhibition for
the two sites respectively, or that soil respiration would be restored to 60% and 66% o f its
potential maximum through pH treatment.

Conclusions
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Quantification o f heavy metals contaminant effects on soil ecosystem processes
necessitates the separation o f natural spatiotemporal variation in process rates from
variation that can be ascribed to the contaminants. A myriad o f factors such as organic
matter, structure, parent material, biota, and pH affect soil function. QR was valuable
because it avoided the necessity o f discriminating between multiple sources o f variation.
Instead, QR identifies limits on processes and changes in the variance o f a response along
a gradient, working with instead o f against natural variability to elucidate trends. It is
often unrealistic or too time consuming and expensive to attempt to measure all o f the
relevant predictor variables. A simpler approach is to explore factors that limit the
maximum soil function, recognizing that not all o f the factors contributing to soil
function will be measured.
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Tables
Table 1. pH, MCI, copper, organic matter content, and respiration
(range) values slickens sites and two sites with highest MCI values.

Site

pH

MCI

71 - slickens

4.23

1.91

66 - slickens

4.50

35 - part slickens

Cu (ppm)

O.M. (%)

Resp. (range)

1400

1.3

(0.32-1.60)

2.06

3300

1.7

(0.36-1.96)

5.09

2.04

2800

2.9

(1.72-2.74)

53 - part slickens

5.20

2.02

2700

2.7

(1.66-2.82)

60 - part slickens

5.30

1.89

1200

2.2

(2.21-4.75)

56 - grassland

6.25

2.29

7100

8.8

(2.41-5.82)

57 - grassland

7.32

2.30

6300

4.5

(2.87-6.65)
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Table 2. Ranges (mg kg-1) o f principal toxic
contaminants and Pearson’s product moment
correlations o f each toxic metal species with the
MCI (n = 69). ___________________________

Metal

R ange (ppm)

R-MCI

As

(1.4E+1 - 8.8E+2)

0.94

Cd

(bdl* - 1.6E+1)

0.90

Cu

(1.1E+2 - 7.1E+3)

0.98

Pb

(3.4E+1 -1.1 E+3)

0.96

Zn

(1.7E+2 - 4.1 E+3)

0.86
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Table 3. Results of regressions of [t = (0.1 - 0.9)]
for respiration data against the MCI.

Quantile
0.9
0 .8

0.7
0 .6

0.5
0.4
0.3
0 .2
0 .1

(t )

Slope

Intercept

P

-3.80
-1.94
-1 .0 0
-1.28
-1.28
-1.03

14.16
9.37
6.75

0.025

- 1 .2 0
-1.31
-0.35

6 .6 8

6.08
5.20
5.12
4.83
2.42

0.105
0.055
0.089

0.037
0.038
0.245
0.487
0.396
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Table 4. Results of regressions of [t = (0.1 - 0.9)]
for respiration data against soil pH.

Quantile

Slope

Intercept

0.9

1.54

-4.11

0 .8

1.38

-3.94

0.7

1 .1 2

-2 . 8 6

0 .6

0.97

-2.33

0.5

0.84

-2.03

0.4

0 .8 6

-2.50

0.3

0.71

-1.85

0 .2

0.60

-1.52

0 .1

0.58

-2 . 0 1

(t )

P
0.012
0.002
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
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M etals Contam ination Index

Fig. 1. Regression quantile analysis o f respiration data against the contamination index
(n = 187). The solid line represents the x = 0.9 quantile. The dashed line represents the x
= 0.5 (or median) quantile. Respiration values acquired from slickens sites are
represented by asterisks (*). Values acquired from the two most highly metal
contaminated sites are represented by filled squares (■).
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Fig. 2. Regression quantile analysis o f respiration data against soil pH (n = 187). Solid
lines represent the x = 0.9 quantile. Dashed lines represent the x = 0.5 (or median)
quantile. Respiration values acquired from slickens sites are represented by asterisks («).
Values acquired from highly contaminated grassland sites are represented by filled
squares (■).
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1.0
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2.0

2.5

Metals Contamination Index

Fig. 3. Scattergram o f soil pH against MCI. MCI and pH are correlated (Spearman’s rho
=-0.563, p < 0.001); as a result o f their being low pH sites only where metal
concentrations are elevated. However, no direct causal relationship is indicated, as there
are also high pH sites where metals are elevated. The two slickens sites are represented
by asterisks (*) and the two sites most highly contaminated with metals are represented by
filled squares (■).
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Fig. 4. Depression o f soil respiration over the ranges o f the two predictor variables MCI
(dashed line) and pH (solid line). Maximum respiration values decline by 48% over the
MCI range (filled circle) and by 72% over the pH range (filled square).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

88

CHAPTER 5
The influence of heavy metals, acidity, and organic matter on plant and microbial
communities in mine waste contaminated floodplain soil
Philip W. Ramsey1, Peter M. Rice2, Matthias C. Rillig1, Kevin P. Feris3, Nathan S.
Gordon1, Johnnie N. Moore4, William E. Holben1, James E. Gannon 1
Abstract
New approaches to discriminate contaminant effects from natural spatiotemporal
variation under field conditions in long-term contaminated systems are needed in order to
evaluate remediation options. We used a combination o f sampling and statistical
approaches to investigate the relative influence o f metals, soil acidity, and organic matter
on a suite o f analogous plant and microbial community parameters (Plants: species
percentage canopy cover, richness, and plant, graminoid, and forb biomass. Microbes:
PLFA community profiles, PLFA richness, and microbial, bacterial, and fungal biomass)
in floodplain soils contaminated by mine wastes in the early twentieth century. We
compared the sensitivity o f plant and microbial communities using quantile regression
and multivariate analyses. We also investigated biological and geochemical changes that
occurred along a short transect (64 cm) that spanned a transition from a productive
grassland to an area o f barren wasteland representing a total functional collapse o f the
grassland/soil ecosystem. Along the small-scale transect we quantified geochemical
parameters (heavy metal concentrations, soil acidity, organic matter content, and soil
Microbial Ecology Program, The University o f Montana
2Biology Department, The university o f Montana
3Biology Department, Boise State University
4Geology Department, The University o f Montana
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moisture) and biological parameters (respiration, microbial PLFAs, microbial biomass,
root biomass) in two layers, an upper layer (0-10 cm) and a lower layer (10-20 cm). In
both studies plant and microbial communities were significantly affected by the mine
wastes. Overall, plant communities were more sensitive to the wastes than microbial
communities were. Mechanisms responsible for the observed differences in plant and
microbial community responses are discussed. Results indicated that soil acidity and
organic matter concentration exerted stronger effects on plant and microbial community
structure than metals. We assert that removal o f the floodplain surface is not necessary
for remediation, rather liming and organic matter amendments would alleviate most o f
the toxic effects o f the mine wastes.
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Introduction

Heavy metal contaminated mine wastes contaminate river floodplains around the
world (Marcus and Nimmo 2001). The toxicity associated with heavy metal
contamination depends on the metal content o f the wastes as well as on associatedand soil
characteristics such as acidity (pH) and organic mater (OM) concentration which together
in large part determine the bioavailability o f metals (Doelman and Haanstra 1984, Baath
et al. 1998, Lock and Janssen, 2001. Thus, metal type and concnetration, pH, and OM
act in concert to influence microbial and plant communities. From the perspective of
evaluating potential restoration efforts it is important to discriminate the relative
contribution o f each because treatment options such as soil removal, capping, and lime or
organic matter amendments address these variables separately (Adriano et al. 2004,
Brown et al. 2005). In laboratory studies the separation o f the effects o f these parameters
can be accomplished through experimental manipulations (Speir et al. 1999, Perkiomaki
et al. 2003). However, the relevance o f laboratory-scale studies to restoration decisions is
questionable (Carpenter 1996), but in the field natural variability masks the effects of
contaminants and hinders attempts to explore the basic ecological principles underlying
the relationship between contaminants and community structure (Giller et al. 1998,
Arnold and Wilding 1991, Ettema and Wardle 2002). For these reasons, there is an
unmet need in community ecotoxicology for new approaches to discriminate contaminant
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effects from natural spatiotemporal variation under field conditions (Clements 2004),
especially in long-term contaminated systems (Abaye et al. 2005).
In the present study we used a combination o f sampling and statistical approaches
to investigate the relative influence o f metals, pH, and OM on a suite o f plant and
microbial community parameters in floodplain soils that were contaminated by mine
wastes in the early twentieth century. The floodplain supports productive grasslands,
wetlands, and scattered barren areas, referred to as “slickens.” Slickens are areas largely
devoid o f vegetation and bearing a characteristic surface crust o f metal salts due to the
wicking and drying o f soluble ions from the soil. These areas are o f special interest from
the standpoint o f restoration because they are a visual indicator o f mine waste
contamination and because rainwater runoff carries the metal salts into nearby surface
water systems, representing a source o f acute metal toxicity to fish (Nimick and Moore,
1991). Previously we observed high metal concentrations in grasslands outside o f the
slickens (twice as high as in slickens) and functioning grassland systems (in terms o f in
situ soil respiration) close to the perimeter o f slickens areas (Ramsey et al. 2005a). Inside
the slickens, soil respiration drops to near zero and few if any plants survive. Thus, the
transition from grassland to slickens represents an ecosystem collapse over a spatial
rather than temporal scale.
The current study had three objectives: 1) To use a newer statistical approach
(Quantile regression (QR)) to quantify effects o f the individual predictor variables on
community variables such as biomass and species richness. 2) To compare the sensitivity
o f plant and microbial community parameters to the mine waste contamination using QR
and multivariate analyses. 3) To investigate biological and geochemical changes that
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occur in the transition from grassland to slickens. These objectives allowed us to
evaluate questions o f relevance to the detection and restoration o f contaminant effects as
well as to the ecology o f contaminated systems. These questions were: 1) Are microbial
or plant community parameters more sensitive indicators o f contaminant effects. 2) How
would we expect plant and microbial communities to respond to various treatments such
as amendment with lime or organic material?
In previously reported work, we used QR to facilitate the separation o f trends due
to contaminant toxicity from natural variability (Ramsey et al. 2005a). When
heteroscedastic data sets (“wedge shaped”) suggest that a measured factor is limiting the
ceiling of a response variable distribution, QR allows the analysis o f the upper edge o f a
response variable distribution rather than the mean (Thompson et al. 1996, Cade et al.
1999). Portions o f a data set (quantiles (x)) are fit with function lines such that at any
point along a predictor variable distribution, a portion o f the data falls below the function
line (Koenker and Bassett 1978, Cade et al. 1999). Below, two quantiles were selected
for analysis. The quantile (x = 0.5) was analyzed in order to represent trends in the mean
o f the response variable distribution (mean quantile), and the quantile (x = 0.9) was
analyzed in order to represent the upper ceiling o f the response variable distribution
(limiting quantile). The function line for the limiting quantile describes a line where 90%
o f the response variable distribution falls below the described line at any given point
along the predictor variable distribution. Our focus is on the limiting quantile, but for the
purposes o f comparison, results o f analysis o f the mean quantile are also reported because
the results o f analysis o f the mean quantile are similar to that returned by least squares
regression, but without the assumption o f homogeneity o f variance. An advantage o f QR
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is that the analysis is not confounded by multi-coliniarity o f predictor variables, which
allows comparisons of the limiting effects o f multiple predictor variables on a set of
response variables. Cade et al., 1999 and Cade and Noon, 2003, have reviewed the uses
and potential uses o f QR for the description o f limiting factors in ecological data sets.
In the previous work, we found that soil function, as measured by in situ soil
respiration, was limited with respect to both heavy metals and pH, and that both increased
metals and increased acidity constrained variation in soil respiration (Ramsey et al.
2005a). QR was used to show that soil acidity exerted a comparatively stronger effect on
soil function than metal concentrations. It was concluded that restoration actions that
relieved the limiting effect o f pH on in situ soil respiration would restore soil function to
the extent that it would then be limited by the effects o f metals alone. Here, we advance
the previous work by analyzing the limiting effects o f metals, pH, and OM on microbial
and plant community structure.
We analyzed two gradients, a floodplain-scale contamination gradient and a
small-scale spatial gradient. For the contamination gradient, study sites were selected
using a stratified random sampling approach to acquire a set o f sites representing the
range of metal concentrations within the contaminated floodplain. Multivariate analyses
o f abundance variables were used to show community level responses to the
contamination. Then we used QR to identify the slope o f response variable distributions
with respect to metals, pH, and OM (Cade and Guo 2000, Ramsey et al. 2005a).
Analogous plant and microbial community variables (species abundance and richness,
and biomass) were compared to determine what differences existed in the response o f the
two communities (Rutgers and Breure 1999, Winding et al. 2005).
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To further investigate the biological and geochemical changes that occurred in the
soil as a total functional collapse occured within the grassland/soil ecosystem we
excavated a transect (64 cm) that extended from grassland into slickens. We quantified
geochemical parameters (heavy metal concentrations, soil acidity, organic matter content,
and soil moisture) and biological parameters (respiration, microbial PLFAs, microbial
biomass, root biomass) in two layers, an upper layer ( 0 - 1 0 cm) and a lower layer ( 1 0 - 2 0
cm). Analysis o f the lower layer allowed us to evaluate whether factors acting deeper in
the soil profile strongly effected trends on the surface, a possibility that could have
confounded our analysis o f the larger contamination gradient where we sampled to a
depth o f

10

cm.

The results o f the two studies indicated that soil acidity and organic matter
concentration exerted stronger effects on plant and microbial community structure than
metals. We therefore make the case that removal o f the floodplain surface is not
necessary as liming and organic matter amendments would alleviate most o f the toxic
effects o f the mine wastes. Overall, plant communities were more sensitive to the wastes
than microbial communities were. However, both plant and microbial communities were
significantly affected by the mine wastes. Potential mechanisms responsible for the
observed differences in plant and microbial community responses are discussed.

Methods

Study area description
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The study area was the riparian zone o f the Clark Fork River as it flows through
Grant Kohrs Ranch National Historic Site, an active cattle ranch in Deerlodge, Montana,
USA. The site has been described previously in Ramsey et al. 2005a,b. Briefly, heavymetal contaminated mine-wastes were heterogeneously deposited there by a large flood
in 1908 that brought material downstream from copper mining operations around Butte,
Montana (Moore and Luoma, 1990, Helgen and Moore, 1996). The ores contained
complex mixtures o f elements in a sulfidic crystal matrix. The oxidation o f sulfidic ores
in the mine wastes cause soils to be acidic in some contaminated areas, but circumneutral,
high metal soils are also present (Ramsey et al. 2005a). Historical photographs indicate
that, initially, the wastes killed off almost all vegetation. Flood control measures
emplaced in the 1950’s as well as channel down cutting through thick deposits o f wastes
have prohibited subsequent floods from depositing more material. Natural regeneration
o f vegetation has lead to floodplain vegetated by grasslands, with patches o f willows and
scattered areas low pH tailings deposits referred to as slickens that remain largely un
vegetated. Rainfall averages o f 34 c m y '1.

Soil sampling

The study sites used here in the contamination gradient study were described as
principal study sites in Ramsey et al., 2005a. All study sites were selected from a fenced
riparian area paralleling the Clark Fork River. Less contaminated study sites from
downstream locations were not included. The sites were selected by stratified random
sampling to acquire a range o f metal contaminations without excessive sampling o f areas
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with concentrations near the mean for the area. A stainless steel shovel was used to
excavate four blocks o f soil (40 cm by 40 cm by 10 cm deep) from the comers o f a 1 m
by

2

m rectangle oriented with the long axis east to west, centered on the original core

location used to select study sites. The soil was bulked, homogenized, air-dried, and
sieved (4mm) and sub-samples were taken for analysis o f geochemical and
microbiological variables. The results o f the mean value o f 3 laboratory replicates was
reported.
To determine a location for the small-scale spatial gradient study, in situ soil
respiration was measured along five transects leading from riparian grassland into a
slickens (soil respiration measurements are described below). The transects ranged in
length from 64 cm to approximately 10 m. The 64 cm transect was selected for
excavation because it displayed the most linear relationship between respiration and
distance (R = 0.978, F = 237, P <0.001) (Table 6 ). The transect was excavated in blocks
(5 cm by 5 cm by 10 cm deep) in two layers, an upper layer (0-10 cm) and a lower layer
(10-20 cm). On the day o f excavation, (15 October 2001) respiration values ranged from
^

i

0

1

5.5 pmol CO 2 m ' s' in the riparian grassland to 1.3 pmol CO 2 m ' s' inside the slickens.
Based on previous experience with measurement o f soil respiration in the area, the value
o f 5.5 pmol CO 2 m ' 2 s' 1 was considered near the maximum that could be found at the
study area given the season, soil moisture, and air temperature. The reported regression
analysis was conducted using distance as the predictor variable, however in all cases
variables that are significantly correlated with distance were also significantly correlated
with in situ soil respiration with nearly identical slopes and intercepts (data not shown).
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Geochemical analyses

Geochemical analyses are described in Feris et al., 2003, and Ramsey et al.,
2005a. Briefly, U.S. EPA method 3050B was used to extract “total acid soluble metals.”
Dried, powdered, soil (5 g) was extracted with 12.5 ml each o f trace-metal-grade HNO 3
and HC1. The extracts were diluted to 50 ml, refluxed at 95°C for 1 h, shaken, and left
overnight. An ICP-OES (IRIS model, Thermoelemental, Franklin, MA) was used to
quantify metal content o f extracts by U.S. EPA method 200.7. Metal concentrations were
used to derive an empirical contamination index (MCI) where: MCI = X((l°g (Men)/log
(background Men)/number o f metals included in index (5)), where n represents As, Cd,
Cu, Pb, and Zn. Background concentrations o f the metals and metalloid were 10 mg As
kg'1, less than 1 mg Cd kg'1, 16 mg Cu kg'1, 17 mg Pb kg'1, and 49 mg Zn kg ' 1 as
determined from soil pits. Loss on ignition at 350°C was used to quantify soil organic
matter (OM) (Nelson and Sommers 1982). Standard methods were used to measure
pH(H 20)(Forster 1995).

Biological measurements

Soil respiration, here assessed by in situ carbon dioxide efflux, which is composed
o f microbial, faunal, and root respiration, provides a broad measure o f soil function
(Edwards et al. 1970; Hanson et al. 2000; Illeris et al. 2002), which has been used
frequently to indicate the toxic effects o f heavy metal contamination (Baath 1989,
Ramsey et al. 2005). Measurement o f in situ soil respiration (C 0 2 efflux) is described in
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detail in Ramsey et al., 2005a. Briefly, a portable Li-6400 (Licor Instruments, Lincoln,
Nebraska, Illeris et al., 2003) infrared gas analyzer fitted with a soil chamber (Licor
6400-09) was used to measure soil respiration. The soil chamber was fitted onto

8

cm

diameter soil collars inserted 3-4 cm deep into soil in areas cleared o f surface vegetation
with scissors.
The standardized ocular macroplot method o f Hann and Jensen, 1987, was used to
collect canopy cover data. Plot size and methods for the description o f riparian
communities correspond to the procedures used by Hansen et al., 1995. Plots were
sampled from July 25 through August 14, 2001. Roots were sieved from the soils using
A 0.5 mm sieve was used to collect root from soil samples. Roots were weighed after
drying at 60 °C (Cook et al. 1988). An estimate o f microbial biomass was derived from
the total extracted microbial phospholipids (Frostegard and Baath 1996). Microbial
biomass was also estimated by chloroform fumigation (Horwath and Paul 1994).
Pesticide grade chloroform was used to extract sieved (4 mm) soil for 5 d at 25 °C and
then extracted on a shaker for 1 hr with 0.5 M K2 S 0 4.
Extraction and analysis o f microbial phospholipids was conducted according to
the protocol o f Frostegard et al. 1993, and as previously described in (Feris et al. 2003
and Ramsey et al. 2005b). Briefly, a buffered chloroform/methanol solution was used to
extract phospholipids from 5 g o f soil which were then, purified, esterified to methyl
esters, and quantified by gas chromatography (White and Ringelberg 1998). Detrended
correspondence analysis (DCA) was used to quantify community structural differences
(Baath et al. 1998, Callaway et al. 2004). Only PLFAs present in each sample (n = 29)
were used in the DCA (Baath et al. 1998). DCA was performed with PLFAs expressed
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proportionally (mole %) to reduce the effect o f biomass on the analysis. The total
number o f fatty acid peaks in each chromatogram was used as a surrogate for microbial
community richness (Fierer et al. 2003). Bacterial biomass was differentiated from
microbial biomass by taking the sum o f PLFAs thought to be primarily o f bacterial
origin, these were: al5:0, il6:0, 16:lco9c, cyl7:0, il7 :0 , 18:lco9c, and cyl9:0) (O ’Leary
and Wilkinson 1988; Zelles et al. 1992, Frostegard et a l l 996). A fatty acid thought to be
produced primarily by fungi, 18:2co6,9c, was used to report fungal biomass (Frostegard
et al. 1993, 1996). The nomenclature o f Frostegard et al., 1993, was used for naming
fatty acids.

Statistical analyses

SPSS v. 10 was used for least squares regressions (LSR) and for Lowess
regression. In all lowess regressions 50% o f the data points were fit using 3 iterations.
Detrended correspondence analysis (DCA) was performed with Pcord version 4.25
(McCune and Mefford 1999). LSR was used for further analysis o f DCA output because
the program derives linear axes and because it would not be logical to analyze an axis
derived from a multivariate analysis describing community structure in terms o f limiting
factors. QR was performed using the statistics program R 2.1.1 with the quantreg
package (Koenker and Portnoy 1997). Two regression quantiles (x = 0.5, and x = 0.9)
were selected for the analysis. The quantile, x = 0.5, describes a function such that at any
point along the predictor variable distribution half o f the response variable data will fall
above and the other half below the described function line, similarly to least squares
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regression, but without the assumption o f equal variance in the response variable
distribution with respect to the predictor variable distribution. Function lines o f the
quantile (x = 0.9) describe the upper edge o f a response variable distribution with respect
to the predictor variable distribution. The use and theory o f QR is discussed in Cade and
Noon, 2003.

Results

Floodplain-scale contamination gradient

The concentrations o f the principal toxic metals (and metalloid) ranged from 32
mg As kg'1, 3 mg Cd kg'1, 600 mg Cu kg'1, 110 mg Pb kg'1, and 720 mg Zn kg ' 1 to 880
mg As kg'1, 16 mg Cd kg'1, 7100 mg Cu kg'1, 1100 mg Pb kg'1, and 2900 mg Zn kg ' 1
(Table 1). Least squares regression was used to evaluate the relationship between MCI
and the metals used in the contamination index as well as the relationship between MCI,
pH, and OM. All metals and the metalloid, As, were significantly correlated with MCI
(all P < 0.01). Soil acidity ranged from 4.2 to 8.3 pH units. MCI and pH were not
significantly correlated (R = 0.243, F = 1.76, P = 0.196). OM concentration ranged from
0.9 to 14.6 percent. MCI and OM were significantly correlated (R = 0.434, F = 6.52, P =
0.017). OM and pH were not significantly correlated (R = 0.199, F = 1.15, P = 0.293).
Canopy cover data, expressed as the average percentage cover over three measurement
periods was used for DCA. One site located in slickens could not be included in the
analysis because there was no vegetation present at the site. Preliminary analysis
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indicated that most o f the variation in the data was due to two wetland sites. These two
sites were subsequently excluded from the analysis. Exclusion o f the two sites would not
be expected to substantially effect the analysis o f contaminant effects because both sites
were intermediate in terms o f MCI, pH and OM having the following geochemical
characteristics; 2.19 MCI, 7.28 pH, and 10.9 %OM and 1.78 MCI, 6.98 pH, and 8.1%
OM for the two sites. The coefficients o f determination for ordination distances with ndimensional space distances were r-squared equals 0.22 and 0.14 respectively for canopy
cover DCA axes 1 and 2. DCA axis 1 was significantly negatively correlated with the
MCI (Fig. 1, see Table 2 for results o f regression analysis). Further regression analysis
indicated that Euphorbia esula, Agropyron repens, Bromus inermis, Centarea maculosa,
and Poa pratensis composed a higher portion o f the canopy cover in sites with higher
MCI values (data not shown). Cirsium arvense, Salix boothii, Potentilla anserinifolia,
Trifolium repens, and Agrostis stolonifera were more prevalent in less contaminated sites.
DCA axis 1 was not correlated with pH or OM. DCA axis 2 was significantly negatively
correlated with pH (Table 2). Cirsium arvense, Euphorbia esula, a Carex sps., Poa
pratensis, and Juncus balticus were more prevalent in more acidic soils. Descurainia
cespitosa, Salix exigua, Betula occidentalis, a Poa species, and Salix bebbiana tended to
be most abundant in less acidic soils.
Microbial PLFAs were expressed as molar percentages o f individual fatty acids to
correct for the influence o f biomass. Average values from three sub-samples collected at
each site were entered into the de-trended canonical correspondence analysis. No sites
were excluded from the analysis. The coefficients o f determination for ordination
distances with n-dimensional space distances were r-squared equals

0 .6 6

and 0 .2 2 ,
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respectively, for PLFA DCA axes 1 and 2. DCA axis 1 was significantly negatively
correlated with pH and OM, but not with MCI (Fig. 1, see Table 2 for results o f
regression analysis). DCA axis 2 was significantly correlated with OM only. Further
regression analysis indicated that the saturated fatty acids
methylated fatty acid

10m

2 0 :0 ,

18:0 and 16:0 and the

e l 8 : 0 were more prevalent in more acidic soils while the

monoenoic fatty acids (16:lco5, 16:lco9, 17:lco7,16:1 co7, 18:lro7c), several branched
fatty acids ( i l 5:1, brl7:0, al4:0, al5:0, and il5:0) and the fungal PLFA 18:2co6,9c were
more prevalent in circumneutral soils (data not shown). The fatty acids al7:0, il6:0, and
il7:0 were more enriched in soils with low OM, while in the fatty acids 18:2co6,9c,
18:lco7, and 16:lco7c were proportionally more abundant in soils with the highest OM.
The response o f microbial and plant community richness to contamination is
displayed in Fig. 2a-f. Significant slopes o f both the mean and the limiting quantile were
detected in the distribution o f microbial community richness with respect to MCI, pH,
and OM (Tables 3 and 4). The mean quantile indicated an increase o f 14% in microbial
community richness over the MCI range while the limiting quantile indicated a decrease
o f 5% in richness over the MCI range. The mean and limiting quantiles indicated a
decrease o f 11% and 20% over the pH range and 22% and 26% over the OM range, both
respectively. Visual inspection indicated that non-linear fits o f richness with pH and
MCI would be more appropriate than linear fits so second order polynomial regressions
of richness with pH and OM were performed. The results of the regressions were as
follows: microbial richness = -5.6 (pH ) 2 + 73 (pH) - 175 (r2 = 0.56) and microbial
richness = -0.28(OM)2 + 5.6 (OM) + 45.34 (r2 = 0.49).
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A significant response o f plant community richness to pH was detected in both
the mean and limiting quantiles (Tables 3 and 4). The change in the mean quantile was
greater than that o f the limiting quantile, representing declines o f 93% and 70% in
species richness across the pH range (Fig. 2e). Significant responses o f plant community
richness to MCI and OM were not detected.
The response o f microbial and plant biomass to contamination is displayed in Fig.
3a-f. Significant slopes o f the mean and limiting quantile were detected in the
distribution o f microbial biomass (nmol PLFA g"1) with respect to pH and OM, but not
MCI (Tables 3 and 4). The mean and limiting quantiles indicated a decrease o f 59% and
80% over the pH range and 72% and 80% over the OM range, both respectively (Fig.
3b,c). A significant response of microbial carbon (pg g '1) to OM but not to MCI or pH
was detected in the mean quantile. Significant responses o f microbial carbon (pg g '1) to
MCI, pH, or OM were not detected in the limiting quantile. Bacterial biomass behaved
similarly to microbial biomass (Fig. 4a-c) with the exception that a significant effect of
MCI was detected in the limiting quantile. Bacterial biomass declined by 47% o f the
MCI range. A significant effect o f MCI on fungal biomass was also detected in the
limiting quantile (Table 4) as well as with respect to pH and OM (Fig 4d-f). Fungal
biomass increased by 75% over the MCI range.
A significant response o f plant biomass to MCI and pH was detected in the mean
quantile. In the limiting quantile significant responses were detected with respect to pH
and OM (Tables 3 and 4). The mean quantile indicated a decline o f 63% in plant biomass
over the MCI range. The mean and limiting quantiles indicated a decrease in plant
biomass o f 59% and 80% over the pH range, respectively (Fig. 3e). The limiting quantile
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indicated a decrease in plant biomass o f 94% over the range o f OM (Fig. 3f). Similar, but
weaker or insignificant, effects o f the predictor variable on canopy cover were also
detected (Tables 3 and 4). Graminoid and forb biomass behaved similarly to overall
plant biomass. For the mean quantile, significant effects o f pH, and OM were detected
on graminoid biomass (Fig. 5b,c). For the limiting quantile significant effects o f MCI,
pH, and OM were detected (Fig. 5a-c). Forb biomass declined significantly with respect
to increased metals and soil acidity in both the mean and limiting quantiles, but
significant effects o f OM on forb biomass were not detected. The mean quantile
indicated a trend (P = 0.06) toward decreased forb biomass in sites with higher OM.

Small-scale spatial gradient

The MCI did not vary significantly with distance across the upper layer o f the 64 cm
transect MCI (Table 5, Fig. 7a). In the lower layer the MCI declined slightly as the
transect entered the slickens. Soil acidity was significantly correlated with distance in
both the upper and lower layer o f the transect (Fig. 7b). Soil acidity declined at about 40
cm along the transect, The lowest pH value was found in the slickens in the upper layer
inside the slickens. Soils in the surface layer o f the slickens were more acidic than in the
lower layer at all points along the transect. Neither soil organic matter or soil moisture
were significantly correlated with distance in the upper or lower layers. In the upper
layer OM increased at first and then declined after 30 cm. Low levels o f OM were
detected in the lower layer (Fig. 7c). A similar trend in soil moisture was observed in the
upper and lower layers. Soil moisture declined to around 30 cm and then rose slightly
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before falling again in slickens (Fig. 7d). Soil moisture was greater in the upper layer
than the lower layer.
Separate DCAs o f microbial PLFAs were performed for the upper and lower
layers o f the transect because preliminary analysis that included all samples in a single
analysis indicated that most o f the variation in the PLFA data was due to differences
between the upper and lower layers. DCA axes 1 and 2 o f the upper layer samples were
significantly correlated with distance in the upper layer (Table 5, Fig. 6 d,e). Further
regression analysis indicated that in the upper layer the proportions o f several monoenoic
fatty acids (16:1 co7,16:lco7t, 16:1© 5,16:lco9,15:1,18:lco7,17:lto7) were positively
correlated with distance (data not shown). PLFAs thought to be o f actinomycete origin
( 1 0 -methyl-branched fatty acids) were strongly negatively correlated with distance.
Microbial community structure was not significantly related to distance in the lower
layer. Microbial community richness declined significantly with distance in the upper
layer, but not the lower layer (Fig. 6 f). A similarity in the trend lines o f microbial
community richness and soil moisture was noted (Figs. 6 f and 7d).
Microbial carbon (pg g '1), but not microbial biomass (nmol PLFA g '1) was
correlated with distance in the upper layer (Fig. 6 b). A similarity in the trend lines o f
microbial biomass and soil organic matter concentration was noted (Figs. 6 b and 7b).
Neither biomass estimates were significantly correlated with distance in the bottom layer.
Bacterial biomass was not significantly correlated with distance in the upper or lower
layer. In the upper layer, the fungal PLFA, 18:2co6,9, was negatively correlated with
distance in absolute terms (Table 6 ), but increased as a proportion o f the total PLFAs
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detected. Root biomass declined significantly with distance in the lower layer, but not in
the upper layer due to an anomalously high sample at 45 cm from the start o f the transect.

Discussion

Comparison o f sensitivity o f plant and microbial communities to MCI, pH and OM

Biological and geochemical parameters were quantified at 30 sites selected using
a stratified random sampling procedure to represent a wide range o f contamination
concentrations. The abundance o f microbial PLFA’s was analyzed by DCA. Strong
effects o f pH and OM were noted on microbial community structure in the first DCA
axis. Significant effects o f the MCI on microbial community structure were not indicated
by DCA (Fig. la-c). The abundance o f plant species (canopy cover %) was also analyzed
by DCA. A significant effect o f MCI on plant species abundance was indicated along the
first DCA axis. A weaker effect o f pH on plant species abundance was indicated along
the second DCA axis. No effect o f OM was observed (Fig. ld-f). An estimate o f
microbial community richness was derived from the total PLFA peak number. Strong
and apparently non-linear negative effects o f pH and OM on microbial community
richness were observed. Weaker and contradictory effects o f MCI were observed (Fig.
2a-c). Plant community richness was recorded as the total number o f species detected in
each plot. Plant community richness was strongly limited by pH with maximum richness
occurring only in circumneutral sites. Significant effects o f MCI and OM were not
observed (Fig. 2d-f). Microbial biomass was estimated as the total amount o f PLFAs in a
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sample and as total microbial carbon determined by the chloroform fumigation method.
Strong negative limiting effects o f pH and OM on microbial biomass were observed.
MCI and biomass were not related (Fig. 3a-c). Biomass measurements were divided into
a bacterial and fungal biomass estimate. Maximum bacterial biomass declined in
response to high metal concentrations whereas maximum fungal biomass increased (Fig.
4a,d). Plant biomass was determined by clipping above ground vegetation at soil level.
Plant biomass was limited by pH and OM, but a limiting effect o f MCI was not observed
(Fig. 3d-f). When plant biomass was divided into graminoid or forb life form for further
analysis, a limiting effect o f MCI on both graminoid and forb biomass was observed (Fig.
5a,d).
DCA analysis o f PLFA abundance data reflects changes in the abundance of
microbial populations between study sites. The correlation o f DCA axis 1 with pH and
OM indicates that these exerted the strongest effect on microbial community structure
(Table 2, Fig. la-c). The observed relative increase in monoenoic fatty acids in higher
pH soils is consistent with an increase in gram-negative bacteria (O ’Leary and Wilkinson
1988, Zelles et al. 1992), while the fungal PLFA was highest in soils with high OM that
were also circumneutral, a finding similar to that observed by Pennanen, 2001, and Kelly
et al., 2003. Effects o f MCI on microbial community structure were not indicated by
DCA. However, DCA analysis o f plant species abundance indicated that MCI exerted
the strongest effect on plant community structure (Table 2, Fig. ld-f). The species that
were relatively more common in sites with higher MCI values were Euphorbia esula,
Agropyron repens, Bromus inermis, Centarea maculosa, and Poa pratensis, whereas the
plants that were more abundant in low MCI sites were Cirsium arvense, Salix boothii,
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Potentilla anserinifolia, Trifolium repens, and Agrostis stolonifera. DCA axis 2 was
correlated with pH. Euphorbia esula and Poa pratensis were the two species and that
were most prevalent in soils with both high MCI and low pH. One species, Cirsium
arvense was more common in both low MCI and low pH sites.
We compared the sensitivity o f the plant and microbial community parameters by
taking the average o f the change with respect to the predictor variables for each
significantly affected response variable (Table 6). By this method, plant community
variables were more sensitive with respect to the MCI, pH, and OM than were the
microbial community variables. However, more significant effects were found in the
response o f the microbial community to the three predictor variables. With respect to the
limiting quantiles of the analysis o f MCI, the 2 plant community variables (graminoid
and forb biomass) that had changed significantly changed by an average o f 79%. The 3
microbial community variables (microbial community richness, bacterial biomass, and
fungal biomass) that were significantly affected changed by an average o f 42%. With
respect to the limiting quantiles for the analysis o f pH, the 4 plant community variables
(richness, and total, graminoid and forb biomass) that were significantly affected changed
by an average of 91%. The 4 microbial community variables (richness, total microbial,
bacterial and fungal biomass) that were significantly affected changed by an average o f
69%. With respect to the limiting quantiles o f the analysis o f OM, the 3 plant community
variables (plant biomass, graminoid biomass, and canopy cover) that were significantly
affected changed by an average o f 82%. The 4 microbial community variables (richness,
total microbial, bacterial and fungal biomass) that were significantly affected, changed by
an average o f 67%. Similar, but overall weaker effects were noted in the mean quantile
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though more significant responses were detected (Table 6). The biological communities
in soils are highly diverse, representing dissimilar physiologies (e.g. chemoheterotrophy,
chemolithotrophy, and photoautotrophy) and a capacity for growth over a wider range o f
environmental conditions. By comparison plants represent a single, narrow, physiology,
that o f photoautotrophy. It it therefore not surprising that, overall, plant communities
could be more sensitive to contaminants than microbial communities.
Also, by evaluating the limiting effects o f geochemical parameters on a number o f
plant and microbial community parameters it becomes possible to state with some
confidence which o f the geochemical parameters exerts the strongest effect on the biotic
communities and therefore is o f greatest concern from the perspective o f restoration.
Here, more significant and stronger effects o f pH were noted on microbial and plant
community parameters than OM or MCI, with OM exerting stronger effects than MCI
(Table 6).

Comparison to previous work

The relationship between MCI and in situ soil respiration and microbial structural
parameters has been the subject o f two previous papers (Ramsey et al. 2005a,b). In
Ramsey et al. 2005a, the MCI range was 1.1 to 2.3 units, here the MCI ranged from 1.6 to
2.3. Thus, responses here were observed along a shorter metal contamination gradient
than in the previous work (Ramsey et al. 2005a) where less contaminated study sites from
a downstream area were included. The range in soil acidity was the same (from 4.2 to 8.3
pH units) because the less contaminated study sites that were excluded here were all of
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circumneutral soil acidity. In Ramsey et al., 2005b, the contamination gradient studied
also included a wider range o f metal concentrations than the gradient studied here and
differed in that the metal concentrations correlated with pH. Ramey et al. 2005b,
observed that microbial community structure was less sensitive to contamination at low
to moderate contaminant levels than microbial biomass. In that work, the intention was
to quantify the cumulative effects o f mine waste contamination on ecosystem level
function and microbial community structure. Here, the intention was to differentiate the
individual effects o f soil geochemical parameters affected by the mine wastes in order to
evaluate the allocation o f restoration resources. The more narrow range o f metal
contamination available for study within the confines o f the fenced riparian area is likely
to have prevented the quantification o f relationships between PLFA DCA axis 1 and
microbial richness and biomass. However, we have previously observed heavy metalinduced changes in community composition in the absence of correlative change in total
community biomass in river sediments from the saturated hyporheic zone in western
rivers (Feris et al. 2003, 2004a,b). The apparent differences in these two disparate
systems that were contaminated with the same materials at the same time may be related
to functional differences in vadose- versus saturated-zone microbial communities,
differences in microbial metabolic types and the balance between autochthonous and
allochthonous inputs, or simply the different procedures used to assess community
functional and structural parameters. However, heavy metal effects on microbial
community composition were observed in both systems. Thus, overall our studies
indicate that the relationship between change in community structure and impaired soil
function or biomass change is context dependant (Khan and Scullion 2000), in terms of
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the ability o f tolerant populations to compensate for the contraction (in mass and activity)
o f intolerant populations (Pennanen et al. 1996).

Geochemical and biological change along the small-scale spatial gradient

In the second study we excavated a 65 cm transect observed to have a steep linear
decline in in situ soil respiration representing a collapse o f ecosystemf unction over a
small spatial scale. The transect spanned from a riparian grassland into a slicken.
Biological (microbial and root biomass, PLFA patterns) and geochemical (heavy metal
concentrations, pH) parameters were quantified along the transect in an upper (0-10 cm)
and a lower (1 0 -2 0 cm) layer. We expected that heavy metal concentrations and
microbial community structural parameters would be strongly correlated with soil
respiration and that we would find higher metal concentrations and low pH in the
slickens. Metal contaminant levels were not correlated with respiration in the upper
layer, and were only marginally correlated in the lower layer (Table 5, Figs. 6-7). The
response o f several o f the measured biological parameters (PLFA DC axes 1 and 2,
richness, microbial carbon, and fungal biomass) was linear with distance as analyzed by
least squares regression, but not necessarily as indicated by Lowess regression (Fig. 7).
Several o f the geochemical variables (pH, OM, Soil Moisture) and biological variables
(microbial biomass, microbial community richness) attained local maxima between 30
cm and 50 cm along the transect. Most o f the change in PLFA DC 1 and microbial
richness occurred toward the end o f the transect (after 45 cm). Microbial biomass
increased to 45 cm, then declined sharply as the transect entered the slickens. The partial
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non-linearity o f the results are challenging to interpret and highlight the complexity of
microbial processes over even very short spatial scales (Broos et al. 2005).
The results also indicate that slickens are not visible indicators o f high metal
concentrations. It is likely that the combined affects o f soil acidity and organic matter
concentration on metal availability contributed to the observed decline in soil function
along the transect. Geochemical factors operating through the soil profile interacted with
metal concentrations to affect microbial community structure and function, but the effects
o f the lower layer on soil function did not appear to be strong. A depth integrated soil
profile was needed to rule out the possibility that surficial trends were caused by deeper
subsurface characteristics. We conclude that the depth o f cores that we used in the larger
scale work was adequate because analysis o f the upper layer alone would have been
sufficient to draw the inferences reached above regarding the interactions o f the
geochemistry, and microbial community structural and functional relationships.

Application to mine waste restoration

The techniques used to remediate mine waste contaminated soil differ in cost and
the disruption that they impart to the existing system (Brown et al. 2005). Restoration of
metals often requires removal o f contaminated material and replacement with
uncontaminated soil, or capping contaminated areas with an impenetrable barrier (Brown
et al. 2005), or phosphorous addition to reduce metal bioavailability (Ownby et al. 2005).
Here phosphorous additions are probably unsuitable due to the proximity o f river.
Neutralization o f acidic soils is accomplished with lime amendments (Davis et al., 1999,
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Brown et al. 2003). Soils o f low organic matter content are amended with biosolids or
mulches (Kiikkila et al., 2001).
Multiple correlated variables complicate the separation o f individual effects
(Speir et al., 1999). Here, however, the absence o f a significant relationship between
heavy metal concentration and soil acidity as well as large variability in metal
concentrations, soil acidity, and organic matter concentration allow us to make
reasonable inferences regarding which factors exert the strongest effects on biotic
communities. Natural resource damage assessments that include analysis o f limiting
factors will lead to decisions regarding restoration that make the most efficient use o f
resources with an increased potential for monitoring the success o f restoration efforts.
For instance, if increased plant species richness were identified as an objective of
restoration efforts, then neutralization o f acidic soil conditions would be recommended
over removal and replacement o f soils with high metal content or amendments o f soils
with organic matter because pH rather than metals or OM limits plant community
richness (Fig. 2d-f). Increased plant community richness could then be expected to
benefit general ecosystem function (Loreau et al. 2001, Brown et al. 2005).
Removing metal contaminated soil is much more expensive than controlling
effects through neutralizing the soil and enriching it with organic matter. If metals
exerted the strongest effects on biological parameters then restoration efforts focused on
removal o f the metals would be warranted. However, our data suggests that by
controlling pH and OM much o f the effect o f the mine wastes on plant and microbial
communities could be controlled, although effects o f metals could persist. A method o f
calculating residual damage left after restoration o f one o f two co-limiting factors is
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discussed in Ramsey et al., 2005b. However, it is probably simplistic to assume that
alleviating the limiting effects o f pH would produce a community that would then be
limited by metals because a change in pH or OM would affect soil parameters affecting
metal bioavailability (Khan and Scullion 2000). Metal bioavailability, which is affected
by total metal concentrations, pH and OM (Suhadolc et al. 2004, Speir et al. 1999) was
not directly measured because currently available measures of metal bioavailability are
easily contested (Adriano et al. 2004). In future studies the use o f QR to monitor the
success of restoration efforts would be able to evaluate the residual effects of
contaminants in restoration projects that leave soils in place.
A potential drawback of our study design was that we used the same sampling
sites for both plant and microbial community sampling. Factors affecting variability in
plant and microbial community structure operate at different scales, and thus affect the
suitability o f sampling regimes for detecting the effects o f contaminants at low
concentrations (Broos et al. 2005). Initially, we thought that by integrating relatively
large soil samples (4 blocks o f soil 40 cm by 40 cm by 10 cm deep were combined and
then sub-sampled) that we would reduce variability due to the effect o f natural
heterogeneity in microbial communities structural parameters. However, a previous
study (Ramsey et al. 2005b), in which we used smaller study sites for sampling microbial
parameters yielded tighter correlations between microbial community structure and
geochemical parameters. Potentially, a study design that sampled plant and microbial
parameters independently would have yielded more robust statistical relationships
between the community and geochemical parameters.
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The analysis o f toxic effects on community structural responses offers a sensitive
method for monitoring and assessment o f damage to natural resources (Clements 2004,
Belyaeva et al. 2005, Broos et al. 2005). QR facilitates the differentiation o f variability
due to unmeasured factors and natural spatiotemporal variation from the effect o f a
predictor variable. The quantile, x = 0.9, indicated that many o f the biological parameters
were limited with respect to MCI, pH, and OM. The incorporation o f a stratified random
sampling design allows our results to be applied to management decisions with a high
degree o f confidence because the study sites encompass the variability in habitats that
occur on the floodplain. The statistical analysis does not assume that we measured all
relevant factors affecting the plant and microbial communities. Rather, by using QR we
evaluated the effect o f specific predictor variables without assuming that we measured all
important factors.
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Tables

Table 1. Ranges of soil geochemical variables, and organic
matter and Pearson’s product moment coefficients and P
values of the variables with the MCI (n = 30).____________
Variable
Arsenic
Cadmium
Copper
Lead
Zinc
Soil acidity (pH)
Organic matter (%)

Range (mg kg'1)
3.2E+01 - 8.8E+02
3.0E+00 - 1.6E+01
6.0E+02 - 7.1E+03
1.1E+02 - 1.1E+03
7.2E+02 - 2.9E+03
4.2 - 8.3
0.9 - 14.6

R-MCI
0.891
0.559
0.885
0.788
0.782
0.243
0.434

P
<0.001
0.001
<0.001
<0.001
<0.001
0.196
0.017
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Table 2. Pearson’s product moment coefficients, F, and P values of detrended cannonical correspondence analyses
axes of plant and microbial community structural variables with MCI, soil acidity and organic matter content (n = 30).
P-values significant at a = 0.05 are in bold.______________________________________________________________
Organic Matter (%)
Metal contamination index
Soil acidity (pH)
F
Community structural variable
R
F
R
F
R
(P)
(P)
<tP )
-0.447
Plant community canopy cover DCA 1
7.83 0.012
0.147
0.551
0.465
-0.205
1.10 0.305
0.049
-0.670
20.4 <0.001
-0.233
1.44 0.241
Plant community canopy cover DCA 2
0.059 0.810
3.52 0.071
-0.802
50.4 <0.001
-0.378
4.68 0.039
Microbial community PLFA DCA 1
0.334
-0.049
-0.375
4.58 0.041
Microbial community PLFA DCA 2
0.069 0.795
-0.203
1.20 0.282
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T able 3. Y-intercepts, slopes, and standard errors of th e slope estim ations for m edian quantile (t = 0.5) regression lines of the re sp o n se variable with respect to MCI, soil acidity, and
organic m atter content. The relative d e c re a se or increase in th e re sp o n se variable distribution over th e predictor variable range is indicated a s p ercentage change.
Metal contam ination index
Soil acidity (pH)_____________
O rganic M atter (%)
y-intercept slope
SE C hange (%)
y-intercept slope
SE C hange {%)
y-intercept slope
SE
C hange (%)
Microbial com m unity variables
14
52.5
1.79 *
0.83
11
59.3
1.25 * 0.514
22
R ichness (PLFA peaks)
36.2
13.6 ** 6.55
Microbial biom ass (nmol PLFA g '1)
41.9
18
-28.5
59
57.8
46.5
30.6
20.1 *
8.93
12.9 " 3.235
72
42.7
5
57.6
Microbial carbon (pg g'1)
64.4
18.2
12
112
-1.41
7.32
10.7 "
3.22
69
B acteria biom ass (nmol bacterial PLFAs g'1)i
65
32.3
6.54 "
25.5
16.4
25.7
18
-24.8
12.1 *
5.36
1.76
70
Fungal biom ass (nmol fungal PLFA g'1)
Plant com m unity variables
Plant com m unity richness (species)
Plant biom ass (g m ^)
Graminoid biom ass (g m'^)
Forb biom ass (g m~')
C anopy cover (%)
'Significant at a * 0.05
"Significant at a = 0.001

0.092
30.6
540
203
219
-173

0.738

1.67

28

-1.25

0.413 *

0.19

77

-8.33
-200 **
-62.9
-95.2 "
177

9.75
59.3
80.6
22.3
123

33
63
42
100
51

-20.4
-147
-46.8
-58.8
-183

5.20
41.1
20.3
13.1
54.7

1.26
11.7
6.54
2.91
16.5

93
86
68
107
82

**
**
**
**
**
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-0.025
17.7
72.6
35.8
43.5
72.8

0.459 **

0.034

-0.75
0.466
5.88
11.5
11.5 **
2.47
•3.80
2.02
22.5 ** 4.175

94
60
66
77
130
77
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T able 4. Y-intercepts, slopes, and standard errors of th e slope estim ations for the quantile ( t = 0.9) regression lines of th e re sp o n se variable with respect to MCI, soil acidity, and
o r g a n i^ m a tte rw n te n ^ h ^ e la tiv ^ d e c re a s e £ n n c re a s e jn _ th ^ e s |> o n s ^ a r ja b t^ d is trjb u tio r^ o v e r ^
________ Metal contamination index________
Soil acidity (pH)_____________________
O rganic M atter (%)_____
__________________________________________ y-intercept slope
SE C hange (%)
y-intercept slope
SE C hange (%)
y-intercept slope
SE C hange (%)
Microbial community variables
R ichness (PLFA peaks)
83.0
-5.88 *
5
1.61 **
0.27
26
2.8
45.1
3.97 "
1.12
20
62.0
Microbial biom ass (nmol P L FA g'1)
23.8 **
2.27
80
517
-164
102
45
-198
61.0 **
20.6
80
62.3
Microbial carbon (pg g 1)
6.78
4.47
42
161
-9.09
45.2
4
136
1.31
8.42
4
124
Bacteria biom ass (nmol bacterial PLFAs g'1)
278
11.5 **
1.23
77
-90.5 *
36.8
47
-101
31.4 •*
8.50
80
36.0
Fungal biom ass (nmol fungal PLFA g 1)
-11.1
7.97 97
0.710
0.580 *• 0.109
87
2.27
75
-6.37
1.55 ** 0.421
Plant community variables
Plant community richness (species)
Plant biom ass (g n O
Graminoid biom ass (g m'^)
Forb biom ass (g m^)
C anopy cover (%)
•Significant at a = 0.05
••Significant at a s 0.001

13.6
1841
1900
441
229

5.00
-733.9
-778.6 *
-174.0 *
-4.08

6.71
632
367
73.5
121

14
77
63
74
1

-12.2
-487
-483
-157
-234

4.95
118.7
118.0
37.1
79.7

**
’•
**
**

1.43
30.2
41.4
8.48
59.6

70
97
97
100
76
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24.0
-1.28
-75.4
118
189

0.000
110 •*
119 *•
-5.45
18.1 •*

0.507
19.3
13.9
8.90
4.34

0
94
98
66
55
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Table 5. Pearson’s product moment coefficients, F, and P values of soil geochemical and biological
variables with distance along a 64 cm transect from grassland to slickens (n = 13). P-values
significant at a = 0.05 are in bold.______________________________________________________
Upper layer
Bottom layer
R
F
(P)______ R
F
(P)
Geochemical variables
Metal contamination index
Soil acidity (pH)
Organic Matter (%)
Soil moisture (%)
Biological variables
Soil respiration (pmol CO2 m'2 s'1)
Microbial community PLFA DCA 1
Microbial community PLFA DCA 2
Richness (PLFA peaks)
Microbial biomass (nmol PLFA g"1)
Microbial carbon (pg g'1)
Bacteria biomass (nmol bacterial PLFAs g'1)
Fungal biomass (nmol fungal PLFA g'1)
Root biomass (g g'1)

0.013

0.002

0.967

-0.764

15.4

0.002

-0.579
-0.846

-0.237
-0.526

0.657
4.21

0.435
0.065

0.451
0.197

2.81
0.443

0.122
0.519

0.7
0.37
0.691
1.69
0.053
0.754
1.81

0.422
0.554
0.423
0.221
0.823
0.404
0.205

7.49

0.019

-0.978
0.751
0.621
-0.718

237 <0.001
14.2 0.003
6.89 0.024
11.7 0.006

-0.482

3.34

0.095

-0.641

7.66

0.018

-0.395

2.03

0.182

-0.706

10.9

0.007

-0.244
-0.181
-0.243
-0.364
-0.069
-0.253
-0.376

-0.162

0.296

0.597

-0.637
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5.54 0.038
27.7 <0.001
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Table 6. Average change in significantly affected microbial and plant community parameters over
repsective predictor variable ranges with the number of variables with slopes significantly different
from 0 in parentheses._____________________________________________________________________

Mean quantile (x = 0.5)
Limiting quantile (x = 0.9)

Metal contamination Index
change (% (n))
Microbes
Plants
1 4 (1 )
8 1 (2 )
42 (3)
79 (2)

Soil acidity (pH)
change (% (n))
Microbes
Plants
50 (4)
87 (5)
69 (4)
91 (4)
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Organic Matter (%)
change (% (n))
Microbes
Plants
65 (5)
77 (2)
67 (4)
82 (3)
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Fig. 1. DCA axis 1 o f microbial PLFAs and plant community canopy
cover with MCI, pH, and OM. Lines indicate significant relationships as assessed
by LSR. Statistics are given in table 2. Slickens sites are indicated by stars. One
slickens site and two wetland sites were excluded from the plant canopy cover
DCA.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

133
Figure 2

16

1 .7

1 .8

1 .9

2 .0

21

2 .2

23

24

MCI

4>

Iv>
®
(0

C

8.

'C

<
u.

'3£

cl

E

a
Q.
4

5

e

7

6

9

5

4

7

6

Soil acidity (pH)

9

8

Soil acidity (pH)

(c)

I
<

£

LL

_l

'c
3
E

CL

0

2

4

6

8

10

12

14

16

Soil organic m atter (%)

★
★
0

2

4

6

8

10

12

14

16

Soil organic m a tte r (%)

Fig. 2. Microbial and plant community richness with MCI, pH, and OM.
Significant slopes of the regression for the limiting quantile (x - 0.9) are indicated
by solid lines. Significant slopes o f the regression for the median quantile (x =
0.5) are indicated by broken lines. Statistics and equations are given in tables 3
and 4. Slickens sites are indicated by stars.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

134
Figure 3

Soil acidity (pH)

Soil organic m atter (%)

Soil organic m atter (%)

Fig. 3. Microbial and plant biomass with MCI, pH, and OM. Significant
slopes o f the regression for the limiting quantile (x = 0.9) are indicated by solid
lines. Significant slopes o f the regression for the median quantile (x = 0.5) are
indicated by broken lines. Statistics and equations are given in tables 3 and 4.
Slickens sites are indicated by stars.
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Fig. 4. Bacterial and fungal biomass with MCI, pH, and OM. Significant
slopes o f the regression for the limiting quantile (x = 0.9) are indicated by solid
lines. Significant slopes o f the regression for the median quantile (x = 0.5) are
indicated by broken lines. Statistics and equations are given in tables 3 and 4.
Slickens sites are indicated by stars.
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Fig. 5. Graminoid and forb biomass with MCI, pH, and OM. Significant
slopes o f the regression for the limiting quantile (x = 0.9) are indicated by solid
lines. Significant slopes o f the regression for the median quantile (x = 0.5) are
indicated by broken lines. Statistics and equations are given in tables 3 and 4.
Slickens sites are indicated by stars.
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Fig. 6. Soil geochemical variables (MCI, pH, OM, and soil moisture) with
distance along the small-scale transect. Trends are indicated by Lowess
regressions (n = 13, point fit = 50%, iterations = 3). Trends in the upper layer (010 cm) are indicated by solid lines. Trends in the lower layer (10-20 cm) are
indicated by broken lines. Statistics for linear regressions o f the variables with
distance are given in table 5.
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Fig. 7. Soil biological variables (in situ soil respiration, microbial and root
biomass, PLFA DCA axes 1 and 2, and microbial community richness)
with distance along the small-scale transect. Trends are indicated by
Lowess regressions (n = 13, point fit = 50%, iterations = 3). Trends in the
upper layer (0-10 cm) are indicated by solid lines. Trends in the lower
layer (10-20 cm) are indicated by broken lines. Statistics for linear
regressions o f the variables with distance are given in table 5.
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